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Summary 
Mineral Trioxide Aggregate (MTA) has been advocated for use in root-end fillings, 
perforation repairs in furcations and roots, direct pulp caps and apexification. In a series 
of tests, MTA has demonstrated excellent sealing ability, alkaline pH, biocompatibility 
and the ability to promote regeneration of tissue when placed in direct contact with dental 
pulp and periradicular tissues. This material has generated interest due to its superior 
biocompatibility and physical properties over traditional root-end filling materials. This 
led to its rise in popularity as a root-end filling material. However MTA is expensive and 
exhibits poor handling characteristics. 
MTA is a fine powder consisting of hydrophilic particles of tricalcium silicate, tricalcium 
aluminate, tricalcium oxide and silicate oxide. It has been shown that the elements 
present in MTA are very similar to those in Portland cement (PC). The physical and 
mechanical properties of a material will directly influence its sealing ability. A previous 
study has shown PC to be non-toxic and it has been suggested that PC maybe used as a 
cheaper alternative to MTA. MTA was first introduced as a grey coloured cement 
(ProRoot MTA) (PMTA) which limited its use to areas of no aesthetic concern. To 
overcome this disadvantage a tooth coloured version (Tooth coloured formula) (WMTA) 
has been introduced.  Most tests on MTA have been conducted with PMTA. In contrast, 
the number of studies carried out using WMTA is limited. 
This study aims to compare the physical properties of WMTA and PMTA, White 
Portland cement (WP) and Ordinary Portland Cement (OP) using the International 
Standards Organization (ISO), the British Standards Institution (BSI) and the American 
                     ix
Society for Testing and Materials (ASTM) guidelines. The sealing ability of the materials 
when used as root-end filling materials were tested with dye leakage tests using 
methylene blue dye. 
The compressive strength was tested by adapting the methods prescribed by the BSI. 
Customized delrin moulds were used to prepare samples of the cements which were 
mixed in accordance with the manufacturers’ recommendations. The compressive 
strengths of the materials were tested at three days and twenty eight days. All the 
materials showed an increase in strength with conditioning and the strength of PMTA 
was found to be greater than that of WMTA. OP showed greater strength than WP. 
The setting times were evaluated according to the ISO and ASTM specifications, which 
requires the measurement of both initial and final setting times using the initial and final 
Gillmore needles respectively. All the materials complied with the ISO guidelines. 
The radiopacity, solubility, dimensional change was also determined according to the 
methods recommended by the ISO and all materials complied with the ISO standards. 
X-ray diffraction analysis was carried out on all four cements by using a Powder 
Diffractometer. The diffraction patterns were compared to diffraction patterns of known 
materials documented in the Powder Diffraction files (PDF). Using the three most 
prominent peaks in the diffraction patterns, the constituents of the cements were 
ascertained. 
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The major constituents for all the four cements were tricalcium silicate (C3S), tricalcium 
aluminate (C3A), calcium silicate (C2S), and tetracalcium aluminoferrite (C4AF). MTA 
was found to be very similar to Portland in composition apart from the additional 
presence of bismuth oxide in MTA.  
In order to compare the sealing ability of the cements when used as root-end filling 
materials, dye leakage tests were conducted using methylene blue dye. 
Twenty-eight freshly extracted single rooted human premolar teeth with single root 
canals were selected. The root canals were prepared using standard instrumentation 
techniques.  The teeth were obturated with gutta percha and Roth Root Canal Cement 
Type 801 (Roth International Ltd., Chicago, IL). The teeth were divided into four groups 
of six teeth each. The teeth were filled as follows: Group 1: PMTA, Group 2: WMTA, 
Group 3: WP, Group 4: OP. Two teeth served as positive controls while two teeth served 
as negative controls.  
The teeth were then immersed in methylene blue dye for seventy-two hours and then 
assessed for dye leakage by longitudinally splitting the teeth. The depth of dye 
penetration was measured and expressed as a percentage of the length of the retrofilling. 
Teeth that exhibited leakage beyond the retrofilling material were branded as 
unacceptable. Data was analyzed using ANOVA and Fisher’s LSD (p<0.05). The mean 
depth of dye penetration was 62.72% for WMTA, 54.25% for PMTA, 62.06% for WP 
and 53.80% for OP cement. WMTA showed significantly greater dye penetration than 
both PMTA and OP cement while WP showed significantly greater dye penetration than 
PMTA and OP cements. There was no significant difference between PMTA and OP and 
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between WMTA and WP cements. None of the teeth in any of the groups showed leakage 
beyond the retrofillings. All the four cements effective sealed the root canal.  The control 
groups adequately demonstrated validity of the test procedure. 
PC and MTA were found to be very similar in their sealing ability and physical 
properties. Their constituents were also found to be very similar. Given the low cost of 
PC and similar properties when compared to MTA, it is reasonable to consider PC as a 
possible substitute for MTA in endodontic applications. Methods to improve its setting 
time to enable its use as a restorative material should also be explored. The primary 
disadvantage of MTA seems to be its poor handling characteristics. An improvement in 
the handling characteristics may lead to expanded clinical use and should also be 
explored. Further in vitro and in vivo tests, especially with regards its biocompatibility, 
should be conducted to explore the use of Portland cement as an alternative to MTA. 
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 Chapter 1 
Introduction 
1.1 Background 
The choice of a root-end filling material is one of the many factors that influence the 
success of root-end surgery. Numerous materials including amalgam, Zinc-oxide eugenol 
based cements such as Super EBA, IRM, composite resins and glass ionomer cements 
have been used (1). The main disadvantages of these materials include microleakage, 
varying degrees of toxicity and sensitivity to the presence of moisture. 
The emergence of Mineral Trioxide Aggregate (MTA) as a root-end filling material has 
generated a lot of interest due to its ability to effectively seal the pathways of 
communication between the root canal system and the external surfaces of the tooth. 
MTA is a fine hydrophilic material which sets in the presence of moisture in slightly less 
than three hours. It consists of tricalcium silicate, tricalcium aluminate, tricalcium oxide 
and silicon oxide with bismuth oxide added to increase its radiopacity (2). 
A number of in vitro and in vivo experiments have been done to compare the sealing 
ability and biocompatibility of MTA with amalgam, Super-EBA and IRM. In a series of 
tests, MTA has demonstrated excellent sealing ability (3), alkaline pH, biocompatibility 
and ability to promote regeneration of tissues when placed in contact with dental pulp and 
periradicular tissues (4). MTA has been shown to demonstrate superior sealing ability 
and biocompatibility in comparison to conventional root-end filling materials. This led to 
a rise in its popularity as a root-end filling material. MTA has been used experimentally 
 - 1 -
 for root-end filling in dogs and monkeys (5, 6), direct pulp caps in monkeys (7), and 
perforation repairs in dogs (8). MTA has also been successfully used in humans for 
perforation repairs (9) and in the management of teeth with open apices (10). 
MTA is currently available commercially in two formulations, ProRoot MTA (PMTA) 
(Dentsply Tulsa Dental, Tulsa, OK), a grey variety and ProRoot MTA (Tooth Coloured 
Formula) (WMTA) (Dentsply Tulsa Dental, Tulsa, OK). The United States Patent No 
5,415,547 and 5,769,638 for MTA states that the base material for MTA is Portland 
cement (PC) and bismuth oxide has been added to make the mix radiopaque (11, 12). 
This has generated interest in the evaluation of PC as an alternative to MTA and recent 
studies have compared MTA with PC. These studies have shown that MTA and PC have 
almost identical properties macroscopically, microscopically and when analyzed using X-
ray diffraction analysis. They have been shown to be very similar in composition except 
for the presence of bismuth in MTA (13).  
Abdullah et al. have also shown PC to be non toxic and it has been suggested that it may 
be used as a restorative material (14). 
The physical and mechanical properties of a material will directly influence its sealing 
ability. Although several studies have examined the sealing ability and biocompatibility 
of MTA, there are a very limited number of studies which examined the physical 
properties and none of these had examined the physical properties of WMTA. Studies 
comparing the physical properties and sealing ability of MTA and PC are still not 
available.   
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1.2 Objectives of   research 
In order to ascertain whether Portland cement can be used as a substitute for MTA, its 
major constituents, physical characteristics, sealing ability and biocompatibility need to 
be assessed. Although the biocompatibility has been studied, studies comparing the major 
constituents, physical properties and sealing ability are still not available. The physical 
properties of a material will determine if the material is suitable for use as a restorative 
material and dictate its eventual clinical applications. The objectives of this research 
were: 
1. To compare the major constituents present in White MTA, ProRoot MTA, White 
Portland cement and Ordinary Portland cement using XRD analysis. 
2. To compare the physical properties (pH, solubility, setting time, radiopacity, 
dimensional change) of White MTA, ProRoot MTA, White Portland Cement and 
Ordinary Portland cement. 
3. To compare the compressive strength of White MTA, ProRoot MTA, White 
Portland cement and Ordinary Portland cement. 
4. To compare the in vitro sealing ability of White MTA, ProRoot MTA, White 
Portland cement and Ordinary Portland cement. 
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 Chapter 2 
LITERATURE REVIEW 
2.1 Introduction 
The main purpose of performing periradicular surgery is to remove a portion of the root 
with undebrided canal space or to seal the canal when a complete seal cannot be 
accomplished through a coronal approach. The indications include complex root canal 
anatomy, irretrievable materials in the root canal, procedural accidents requiring surgery, 
persistent symptomatic cases, refractory lesions and biopsy. Apicoectomy with retrograde 
or root-end filling is a widely accepted procedure in endodontics when all attempts at 
conventional or orthograde procedures have failed (15). The degree of success following 
root canal therapy has been reported to be as high as 98.7% (16) and as low as 45 % (17). 
Weine (18) has reported that the majority of non-surgical endodontic procedures which 
fail do so because of inadequate apical seal. The preferred treatment of failing endodontic 
cases is non-surgical retreatment. However, a non-surgical approach may not be possible 
because of physical barriers (anatomical, post and core restorations, broken instruments 
etc.) and patient intolerance. Surgical therapy then becomes the preferred alternative. The 
procedure involves exposing the involved apex, resecting the root-end, preparing a class I 
cavity and inserting a root-end filling. 
The purpose of root-end fillings is to establish a seal between the root canal space and the 
periapical tissues. According to Gartner and Dorn (19), a suitable root-end filling material 
should be (a) biocompatible, (b) adapt well to the walls of the root canal system, (c) non-
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 toxic, (d) not susceptible to the presence of moisture, (e) insoluble in oral fluids, (f) non 
resorbable and dimensionally stable, (g) capable of long term sealing of all margins of the 
retropreparation, (h) capable of inducing osteogenesis and cementogenesis, (i) easy to 
prepare and use, (j) sterilizable, (k) radiographically visible, (l) readily available and (m) 
inexpensive. 
There have been major advances in surgical technique over the years. Newer root-end 
filling materials with improved stability and biocompatibility accompanied these 
advances but a material fulfilling all these requirements is yet to be found. 
Numerous materials have been suggested for use as root-end fillings including gutta-
percha, amalgam, Cavit, Intermediate Restorative Material (IRM), polycarboxylate 
cements, Super EBA, glass ionomer cements, composite resins, Zinc Phosphate cements, 
Zinc oxide-eugenol cements and MTA (20). 
The suitability of these materials has been tested by evaluating their microleakage 
(bacterial penetration, radioisotope, dye and fluid penetration), marginal adaptation, 
cytotoxicity, physical and mechanical properties and in vivo testing in experimental 
animals and humans. 
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2.2 Techniques for assessing sealing ability of endodontic filling materials 
Different techniques have been used to evaluate the sealing ability of various endodontic 
filling materials. 
The basic principle involves the assessment of the penetration of a tracer along the 
obturated root canal of an extracted human tooth. An extracted tooth is prepared and 
obturated and then the tooth is exposed to a tracer to facilitate the assessment of a 
possible penetration of liquid between the canal wall and the material. Dyes, 
radioisotopes and bacterial products have been used as tracers (21). A root canal sealer or 
cement in conjunction with a solid core material such as gutta percha is the most common 
material used to obturate the root canal system. 
The International Organization for Standardization (ISO) has outlined specific 
requirements for root canal sealers. In 1986, the ISO published the first edition of an 
International Standard for permanent obturation of the root canal with or without the aid 
of obturating points. The standard was revised and currently ISO 6786:2001 is available 
which lays down specifications for Dental root canal sealing materials (22). However, the 
standard does not include requirements for root-end filling materials. 
Obturation techniques and filling materials can be tested in vivo for sealing ability. 
However, such studies require long observation periods and patient compliance and are 
therefore difficult to conduct. Various in vitro methods have been used to evaluate the 
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 sealing ability of different obturating materials and techniques. Most of these methods are 
based on the assessment of microleakage along the obturated root canal. 
Usually a root canal in an extracted tooth is obturated with the filling material to be 
tested. Then the tooth is immersed in a solution containing a tracer and penetration of the 
tracer between the root canal walls and the material or into the material itself is assessed 
(21). 
Various tracers such as dyes, radioactive isotopes, bacteria, and bacterial metabolic 
products have been used. In most cases dyes in water solutions have been used, but it has 
been argued that the small size of the tracer molecule may not be a valid indicator (23, 
24). 
Larger tracer molecules such as human serum albumin (25, 26), starch (27) and Poly R 
dye (28) have also been used but it has been suggested that it is better to use a smaller 
tracer molecule to assess the apical seal. It was argued that materials which prevent the 
leakage of smaller tracer molecules would also prevent the leakage of larger ones (29). 
  
2.2.1 Staining Technique 
Hovland and Dumsha (30) developed a silver staining technique to assess the apical 
leakage of root canal sealers. They coated the obturated teeth with nail varnish except 
around the apical foramen and placed the teeth into a 50% solution of silver nitrate for 2 
hours. Then they rinsed and sectioned the teeth and examined them under a 
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 stereomicroscope to demonstrate a dark area of silver precipitation where leakage had 
occurred.  
Magura et al. (31) studied the penetration of whole human saliva by staining sections 
with hematoxylin and eosin. They kept obturated teeth in saliva for 90 days, constantly 
replacing the old saliva with fresh saliva everyday. Then the teeth were prepared for 
histological examination. Salivary penetration along the obturated root canal was 
measured by the extent of deep basophilic staining of the adjacent dentine in the 
hematoxylin and eosin stained section.  
 
2.2.2 Radioactive Isotopes 
Leakage studies with radioactive isotopes as tracers have been used in vitro in a manner 
similar to dyes. After removal of the root canal from the radioactive isotope solution, the 
roots are sectioned longitudinally and then placed on dental radiographs to produce auto 
radiographs (32). 
Various isotopes have been used and it was shown in a comparative study that 35S was 
superior to 131I, 86Rb, 22Na, 32P and 45Ca. 35S not only penetrated better than the others but 
also produced the sharpest and most detailed auto radiographs. Matloff et al. (32) also 
evaluated various tracer molecules. The purpose of their study was to compare several 
methods that had been used to assess marginal leakage of root canal fillings. Teeth were 
exposed to solutions containing methylene blue dye, 45calcium, 14carbon labelled urea, 
and 125iodine labelled albumin for 48 hours to compare the degree of leakage indicated by 
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 each technique. 14Carbon labelled urea penetrated further than the 45Ca or 125I labelled 
albumin. The difference was attributed to exchange of the 45Ca with calcium in the 
apatite mineral surrounding the root canal, and the larger size of the albumin molecule. 
Methylene blue dye was found to penetrate further up the canal than any of the isotope 
tracers. 
Assessment techniques which determine the length of time required for leakage to occur 
have also been studied. The radioactive tracer is placed into the root canal space after 
removing the coronal two thirds of the root filling material. The tooth is then suspended 
in a solution of saline or human serum albumin. At selected time intervals samples of the 
solution are withdrawn and assessed for radioactivity as an indication of leakage (33). 
Experiments using 14C Glucose as the tracer have also been carried out using similar 
protocol as the above (34). An external radionuclide detection technique for the 
evaluation of the apical seal has also been described (35). The apical leakage was 
measured using an external detection technique after submerging the root apices in a 
solution containing the radioisotope 99Tc. A gamma camera was used to detect the 
radiation from the teeth. 
 
2.2.3 Bacterial metabolites 
It has been suggested that in endodontic leakage studies, assessment of penetration of 
microorganism may be a more biologically significant approach in comparison to dye or 
isotope penetration (36). 
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 Goldman et al. (24) described a test method where latex tubing was secured over 
obturated roots with ligature wire and filled with a broth containing acid forming 
bacteria. The roots were then placed in tubes containing a phenol red broth which would 
change colour to yellow if bacteria reached it by penetrating the obturating material. They 
emphasized that using bacteria instead of smaller molecular dyes reduced the chances of 
false readings in testing for leakage of hydrophilic materials. In another study, Wu et al. 
(37) determined the convective transport of water from the coronal to the apical end of 
obturated root canals by the movement of an air bubble in a capillary glass tube 
connected to the apex of the experimental root section using a headspace pressure of 120 
kPa. Water transport through existing voids in the obturated canals could be measured 
reproducibly this way. The root canals were first exposed to a small motile bacterium, 
Pseudomonas aeruginosa, growing in a reservoir at the coronal end of each root. After 50 
days, two specimens allowed penetration of bacteria to a reservoir at the apical end. All 
the roots were then assessed quantitatively for convective transport of water. Their 
findings indicated that fluid transport occurs through obturated root canals, most of which 
do not allow the passage of bacteria. 
Bacterial metabolites such as butyric acid have also been used. Kersten et al. (38) 
mounted obturated roots in the middle of tubes which were fixed at both ends with rubber 
membrane stoppers. They filled the coronal reservoir with butyric acid which was the 
leakage marker substance and the apical reservoir with valeric acid. The tubes were then 
centrifuged or thermocycled. Samples were taken from the apical reservoir at different 
time intervals and tested for presence of butyric acid by gas chromatography. The authors 
concluded that the method could determine the volume of leakage without modifying the 
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 roots or the root fillings. In another similar experiment, endotoxin was used as a tracer 
along with butyric acid and methylene blue dye (39). The authors tested for endotoxin 
with a limulus lysate test, for butyric acid with gas-chromatography and for methylene 
blue with spectrophotometric analysis. They found that leakage of bacteria-sized particles 
and large-sized protein molecules could be prevented only when both sealer and pressure 
were used in obturating root canals with gutta-percha. They also found that leakage of 
butyric acid was comparable with leakage of methylene blue. 
 
2.2.4 Liquid pressure technique 
Pashley et al. (40) developed the liquid pressure technique for measuring dentine 
permeability and it permitted quantitative measurements over time. The method was later 
adapted to evaluate the seal of endodontic materials. Yoshimura et al. (41) showed that 
the experimental system could reliably measure microleakage in retrograde amalgam 
fillings. They sealed stainless steel tubing to the apical root canal orifice and then 
connected the tubing to a micropipette and a microsyringe to a pressure reservoir 
containing phosphate buffered saline. They measured the movement of an air bubble in 
the micropipette to quantify the flow of saline. 
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2.2.5 Dye penetration 
In most instances tracers have been dyes in water solutions. It represents a simple and 
inexpensive technique and is still one of the most popular techniques. 
Dye penetration technique was first used by Grossman (1939) and it has been popular 
ever since. Earlier glass tubes were used and later bovine and extracted teeth were also 
used (21). 
The root canal is first instrumented and after obturation the tooth is usually stored for 
some time to allow complete setting of the filling materials. Then the entire root canal 
area, except the area surrounding the apex, is coated with nail enamel to prevent dye 
leakage via the root surface and then the root is immersed in a dye for various time 
intervals. After the tooth is removed from the dye, the nail enamel is removed and the 
tooth prepared for assessment of dye penetration. 
The teeth may be sectioned longitudinally and linear dye penetration may be measured 
(42, 43) or they may be cut perpendicular to the long axis producing a series of cross 
sections which are then tested for the presence of dye (42). 
The most popular dye used is methylene blue. The first to use this dye was Stewart (44) 
who immersed root filled teeth in methylene blue dye for up to six weeks to study their 
leakage. 
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 The advantages of methylene blue dye are that it penetrates the water compartment of the 
tooth, does not react with the hard tissues and is readily detected under visible light (32, 
42, 44). 
Methylene blue has been shown to produce better leakage behaviour than 45Ca labelled 
calcium chloride, 14C-labelled urea and 125I-labelled albumin. Teeth were instrumented, 
filled in a standardized manner and exposed to solutions containing methylene blue dye, 
calcium-45, carbon-14-labelled urea, and iodine-125-labelled albumin for 48 hours to 
compare the degree of leakage indicated by each technique. Methylene blue dye was 
found to penetrate further up the canal than any of the isotope tracers. Carbon-14-labelled 
urea penetrated further than the calcium-45- or iodine-125-labelled albumin (32).  
Apart from methylene blue, other dyes used include aniline dye (45), Prussian blue dye 
(46), Procion B blue dye (47), Indian ink (48), Pelikan ink (49), crystal violet dye (50), 
Rhodamine B dye (51), Procion B green dye (52) and eosin dye (53). 
The time of immersion varies from one day (30) to six months (45) but it has generally 
been within 3 days to a week. Dye penetration may be enhanced by negative or positive 
pressure (54), or by working in a vacuum chamber (55).  
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2.3. Comparison of the leakage behaviour of root-end filling materials 
The literature is abundant with studies showing that various materials show significant 
differences in their ability to provide an apical seal. The results of dye leakage studies 
have shown that amalgam by itself does not prevent penetration of various tracers and 
that its seal improves considerably by addition of cavity varnish (56-58).  
However, King et al. (59) and Olson et al. (60) found no significant difference in leakage 
of amalgam with and without application of cavity varnish. 
Becker and Fraunhofer (61) compared the in vitro apical seal achieved with 
thermoplasticized gutta-percha used with and without sealer cement, and that achieved 
with dental amalgam and a varnish liner. They immersed specimens in methylene blue 
dye for ten days and found no difference in leakage between the apical seal achieved with 
thermoplasticized gutta-percha used with sealer cement, and that obtained with dental 
amalgam with varnish. The leakage found with thermoplasticized gutta-percha used 
without sealer cement was significantly greater. 
On the other hand, Woo et al. (62) also showed that thermoplasticized gutta-percha with 
sealer had significantly less leakage than amalgam when used as a root-end filling 
material. 
As amalgam and gutta percha failed to provide an adequate apical seal, other materials 
were explored as root-end filling materials. Zinc oxide based cements, glass ionomers 
and composites were suggested and tested as root-end filling materials. 
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 Glass ionomer cements have been extensively tested and it has been shown that they 
provide better seal than amalgam (63-68).  
Pissiotis et al. (68) compared the apical microleakage of retrograde fillings with amalgam 
and with silver glass ionomer cements (SGI) using a modified dye penetration method 
and concluded that SGI cement can be considered an alternative retrograde filling 
material.  
King et al. (59) evaluated the apical seal obtained with various retrofilling materials 
(cold-burnished gutta-percha, amalgam, amalgam with a cavity varnish, SuperEBA 
cement, and a glass ionomer restorative material (Ketac-Silver)) placed in extracted 
human anterior teeth. Microleakage was measured at 24 hours, 1, 2, and 3 weeks, and 1, 
2, and 3 months after insertion of the retrofilling using a fluid filtration technique. They 
found that Ketac-Silver produced a significantly inferior seal when compared with the 
other materials at all time periods. There was no significant difference among SuperEBA, 
amalgam, and amalgam with a cavity varnish.  
Composite resin has also been evaluated extensively as a root-end filling material. Abdal 
et al. (64) reported that composite resins provided better seal than that obtained with 
amalgam. Danin et al. (34) investigated the sealing properties of four different retrograde 
filling materials using radioactive isotopes. Retrograde cavities were prepared and  filled 
with non gamma 2 amalgam (Amalcap), glass ionomer cement (Ketac Silver), calcium-
hydroxide-based root canal sealer (Sealapex) and composite resin (Palfique Light-S). It 
was found that Sealapex and Palfique Light-S showed significantly less leakage than 
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 amalgam and glass ionomer cement, which had the highest apical leakage. Studies by 
Mcdonald et al. (69) also demonstrated that composite resins had superior sealing ability.  
Comparison of the data obtained from various leakage studies shows considerable 
variations in the results even when similar experimental methods were used. 
Kersten and Moorer (39) compared the ability of four obturation methods to prevent 
leakage of bacteria sized particles or large protein molecules, and found leakage of the 
commonly used dye methylene blue was comparable with that of a small bacterial 
metabolic product of similar molecular size. Their studies showed that microleakage of 
the small molecules could not be prevented, while leakage of bacteria-sized particles and 
large size protein molecules could be prevented with some of the obturation techniques. 
Higa et al. evaluated the influence of storage time (70) on the amount of dye leakage of 
amalgam, Super EBA or IRM. Their results showed that amalgam leaked significantly 
greater than the other two materials and storage time had no significant influence on the 
amount of dye leakage. 
It has also been shown that the use of a vacuum increased the amount of dye penetration 
(50, 71, 72). Peters et al. (73) reported significant differences in dye penetration under 
vacuum and non-vacuum conditions when IRM was used as a retrofill. However, Masters 
et al. (74) have questioned the benefits of this procedure. They demonstrated that there 
was no significant increase in the amount of dye penetration under vacuuming and no 
vacuuming in filled and unfilled glass tubes. 
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 2.4 Mineral Trioxide Aggregate (MTA) 
Mineral Trioxide Aggregate (MTA) was first mentioned in the literature by Lee et al. in 
1993 (3). MTA has been used experimentally for root-end filling in dogs and monkeys (5, 
6), direct pulp caps in monkeys (7), and perforation repairs in dogs (8). MTA has also 
been successfully used in humans for perforation repairs (9) and in the management of 
teeth with open apices (10). MTA has generated interest due to its superiority both in its 
biological and physical properties over current endodontic filling materials. 
The following sections will further discuss the physical properties, leakage test results 
and biocompatibility of MTA. 
2.4.1 Physical properties 
MTA is a powder consisting of fine hydrophilic particles of tricalcium silicate, tricalcium 
aluminate and oxides of calcium and silicon (2). It also contains small amounts of other 
mineral oxides, which modify its chemical and physical properties. Bismuth oxide has 
been added to make the mix radiopaque. Hydration of the powder results in a colloidal 
gel, which solidifies in approximately 3 hours (2).  
MTA is currently available commercially in two formulations, ProRoot MTA (PMTA) 
(Dentsply Tulsa Dental, Tulsa, OK), a grey variety and ProRoot MTA (Tooth Coloured 
Formula) (WMTA) (Dentsply Tulsa Dental, Tulsa, OK). Although MTA has been shown 
to have adequate physical properties, superior biocompatibility and sealing ability when 
compared to the traditional root-end filling materials, it is expensive when compared to 
Super-EBA or IRM. According to the United States Patent No. 5,415,547 and 5,769,638, 
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 the base material for MTA is PC. Bismuth oxide has been added to enhance the 
radiopacity (11, 12). 
The physical and chemical properties of MTA have been reported in a study by 
Torabinejad et al. (75). They used X ray energy dispersive (XRD) spectrometer to 
determine the chemical composition and the methods prescribed in ISO 6876 (22) to 
compare the physical properties of MTA, amalgam, Super EBA and IRM. The pH of 
freshly mixed MTA was 10.2 and rose to 12.5 at 3 hours. The mean radiopacity was 7.17 
mm of equivalent thickness of aluminium. The mean setting time was 2hr 45 min and the 
mean Compressive Strength was 40.0 ± 4.4 MPa at 24 hrs and 67.3 ± 6.6 MPa after 21 
days. The solubility was found to be 1.19 ± 0.11 at one day, 1.18 ± 0.11 at seven days 
and 1.17 ± 0.11 at 21 days.   
 
2.4.2 In vitro leakage studies 
Microleakage is a very important factor which directly influences the success or failure of 
root-end fillings (2). 
Torabinejad et al. (76) found that MTA leaked significantly less than amalgam and super 
EBA (p < 0.001) when placed in 3 mm root-end preparations. In their study, thirty single-
canal teeth were retroprepared, filled with the test materials and then exposed to an 
aqueous solution of rhodamine B fluorescent dye for 24 h. The teeth were then 
longitudinally sectioned, and the extent of dye penetration measured using a confocal 
microscope. 
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 In another study, Torabinejad et al. (77) compared the marginal adaptation of MTA with 
other commonly used root-end filling materials. Eighty-eight single-rooted freshly 
extracted human teeth were prepared and filled with amalgam, Super-EBA, Intermediate 
Restorative Material (IRM), or MTA. Using a slow-speed diamond saw, 40 roots were 
longitudinally sectioned into two halves. Resin replicas of resected root-ends of the 
remaining non-sectioned roots were also prepared. After mounting longitudinal sections 
of roots and resin replicas of resected roots on aluminium stubs, the distance between the 
test root-end filling materials and surrounding dentine was measured at four points under 
Scanning electron microscope. They compared gap sizes between the root-end filling 
materials and their surrounding dentin. MTA showed better adaptation compared with 
amalgam, Super-EBA, and IRM. The differences between MTA and the other materials 
were statistically significant (p<0.01), whereas there were no statistically significant 
differences amongst the other materials. 
Fischer et al. (78) used a bacterial model to compare the sealing ability of zinc-free 
amalgam, IRM, Super-EBA, and MTA when used as root-end filling materials. They 
determined the time needed for Serratia marcescens to penetrate a 3 mm thickness 
retrofilling. After preparing and retrofilling fifty-six, single-rooted extracted human teeth, 
they attached the teeth to presterilized (ethylene oxide gas) plastic caps, and placed the 
root-ends into 12-ml vials of phenol red broth. They added a tenth of a millilitre of 
Serratia marcescens into the root canal of each tooth.   They recorded the number of days 
required for Serratia marcescens to penetrate the four root-end filling materials and 
contaminate the phenol red broth.  They reported that most of the samples filled with 
zinc-free amalgam allowed bacteria to penetrate in 10 to 63 days. IRM began leaking 
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 after 28 to 91 days, while Super-EBA began leaking after 42 to 101 days. MTA did not 
begin leaking until day 49. They concluded that MTA was the most effective root-end 
filling material against penetration of Serratia marcescens. 
Adamo et al. (79) also tested the resistance of MTA to bacterial microleakage. This was 
compared to Super-EBA, TPH composite resin with ProBond dentine bonding agent, and 
dispersalloy amalgam with and without ProBond. They immersed the apical 3-4 mm of 
the roots in Brain Heart Infusion Agar (BHI) culture medium with phenol red indicator 
within culture chambers. They inoculated the coronal access of each specimen every 48 h 
with a suspension of Streptococcus salivarius and observed the culture media every 24 h 
for colour change indicating bacterial contamination. They demonstrated no statistically 
significant differences in the rate of microleakage among the five groups when tested at 
4, 8 and 12 weeks. 
However in a test of coronal microleakage with endotoxin, Tang et al. (80) showed that 
MTA was superior to amalgam and IRM. Their study used a modified Limulus 
Amebocyte Lysate test for the presence of endotoxin, which was employed as a tracer, 
and compared the sealing ability of Super-EBA, IRM, amalgam, and MTA. The results 
showed that MTA permitted less endotoxin leakage than IRM and amalgam at 1, 2, 6, 
and 12 weeks (p < 0.05). MTA also leaked less than Super-EBA at 2 and 12 weeks (p < 
0.05). 
Nakata et al. (81) evaluated the ability of MTA and amalgam to seal furcal perforations in 
extracted human molars using an anaerobic bacterial leakage model. They assembled a 
dual chamber anaerobic bacterial leakage model and used brain heart infusion broth with 
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 yeast extract, hemin, menadione, and the chromogenic indicator bromcresol purple as the 
culture broth for Fusobacterium nucleatum. Their results showed that MTA was 
significantly better than amalgam in preventing leakage of Fusobacterium nucleatum past 
furcal perforation repairs. They also showed that overextrusion of materials into the 
perforation site was much less a problem with MTA than it was with IRM and amalgam. 
Torabinejad et al. (82) also evaluated the effect of blood contamination on ability of 
retrofilling materials to prevent dye leakage. They postulated that since clinically it was 
impossible to eliminate contamination of root-end preparations by blood and moisture, 
moisture contamination should be evaluated. They compared the apical seal obtained 
with amalgam, IRM, Super EBA and MTA when placed in dry or blood contaminated 
root-end cavities. They measured linear dye penetration and found that presence or 
absence of blood had no significant effect on the amount of dye leakage. They also 
showed that MTA leaked significantly less than other materials tested with or without 
blood contamination of the root-end cavities. 
Starkey et al. (83) evaluated the effect of varying the pH of 2% methylene blue dye on 
apical leakage. Eighty-four roots of extracted human teeth were used in this study. The 
roots were endodontically cleaned and shaped, obturated, apically resected, and amalgam 
or Temporary Endodontic Restorative Material (TERM) retro-fillings were placed. The 
roots were immersed for 7 days in dye solutions of controlled pH of 1, 2, 3, 5 or 7, or in a 
2% unbuffered deionised water solution of methylene blue. Amalgam groups had 
significantly less leakage at pH 1 and 2. Once the pH of the solutions exceeded 2 they 
reported a noticeable increase in leakage which continued to rise in a linear fashion with 
rise in pH. The difference between the groups was not significant above pH 2. 
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 Roy et al. (84) also evaluated the effect of an acid environment on the leakage of root- 
end filling materials. They retrofilled teeth with amalgam, Geristore, Super-EBA, MTA, 
Calcium Phosphate Cement (CPC), and MTA with CPC matrix in groups of 24 teeth 
each. Immediately after root-end filling, they exposed 12 teeth from each group to a pH 
of 5.0 for 24 h, and 12 teeth to a pH of 7.4 for 24 h. They exposed all teeth to Pelikan ink 
for 5 days and recorded linear dye leakage. They observed that an acid pH significantly 
reduced dye leakage of Geristore (0.67 vs. 3.93 mm) and MTA with CPC matrix (0.54 vs. 
2.41 mm), whereas leakage of all other materials was not affected by pH. They concluded 
that an acid environment did not hinder the sealing ability of any of the materials tested, 
and enhanced the sealing ability of Geristore and MTA with CPC matrix. 
Higa et al. (85) evaluated the effect of storage time on dye leakage of amalgam, super 
EBA and IRM. They placed half the roots immediately into India ink for 48 h, and stored 
the other half for 24 h in a 100% humid environment before placement into the ink. The 
roots were then demineralised, and linear dye leakage was measured. They found that 
Super EBA and IRM showed significantly less dye leakage than amalgam (p < 0.001) 
and that no significant difference existed between Super EBA and IRM. They concluded 
that storage time had no significant influence on the amount of dye leakage. 
Bates et al. (86) compared the ability of MTA to seal the root-end with dental amalgam 
with cavity liner, and Super-EBA. They assessed microleakage at 24 hours, 72 hours, 2 
weeks, 4 weeks, 8 weeks, and 12 weeks using a fluid filtration measurement system. 
They found that MTA demonstrated excellent sealing ability throughout 12 weeks of 
fluid immersion, comparable with that observed for Super-EBA. They also found that 
microleakage in the MTA group, as well as the Super-EBA group, was significantly less 
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 (p < 0.05) than in the amalgam group at 24 hours, 72 hours, and 2 weeks. However, there 
was no significant difference in microleakage among the three materials beyond two 
weeks. They concluded that MTA was superior to amalgam, and comparable with Super-
EBA in preventing microleakage when used as a root-end filling. 
From the above studies, there is clear evidence that MTA is superior or at least 
comparable to other contemporary root-end filling materials in terms of its sealing ability. 
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2.4.3 Biocompatibility of MTA 
MTA has been found to be nonmutagenic and less cytotoxic than Super EBA and IRM, 
the traditional root-end filling materials (87). It allows cementum overgrowth and was 
found to be biocompatible when implanted into dogs and guinea pigs (88).
Pitt Ford et al. (89) repaired intentional furcation perforations in mandibular premolars of 
dogs either immediately or after 4 months with either MTA or amalgam and concluded 
that MTA is more suitable for furcation repair than amalgam, especially if the repair is 
done immediately. Torabinejad and Arens (90) performed osseous repair of furcation 
perforations with MTA in two patients. They reported bone regeneration and almost 
complete reduction of the radiographic lesions one year after treatment in one patient. 
The other patient showed significant reduction of furcal and periradicular radiolucencies 
in the one year post operative radiograph. 
MTA exhibits good antibacterial properties and it is suggested that it may have osteo 
inductive properties thus fulfilling the requirements of a material for vital pulp therapy. 
Ford et al. (91) examined the dental pulp responses in monkeys to MTA and a calcium 
hydroxide preparation when used as pulp-capping materials. After exposing the pulps of 
12 mandibular incisors, they were capped with either MTA or the calcium hydroxide 
preparation.  The cases were followed up after five months. They reported that no pulpal 
inflammation was noted in five of six samples capped with MTA, and all six pulps in this 
group had a complete dentine bridge. In contrast, all of the pulps capped with the calcium 
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 hydroxide preparation showed pulpal inflammation, and dentine bridge formation 
occurred only in two samples. 
Ford et al. (92) also investigated the histologic response to intentional perforation and 
repair in the furcations of 28 mandibular premolars in seven dogs. They repaired 
perforations with MTA or amalgam and carried out histological examinations after 4 
months. All the amalgam specimens were associated with inflammation, whereas only 
one of six repaired with MTA was associated with inflammation. Further, the five 
noninflamed MTA specimens had some cementum over the repair material. 
Shabahang et al. (93) performed a comparative study of root-end induction using 
osteogenic protein-1, calcium hydroxide, and MTA in dogs. They compared the efficacy 
of osteogenic protein-1 and MTA with that of calcium hydroxide in the formation of hard 
tissue in immature roots of dogs. They evaluated the degree of hard tissue formation and 
amount of inflammation histomorphically and found that the difference in the amount of 
hard tissue produced among the three test materials was not statistically significant. They 
concluded that MTA was suitable for use as an apical barrier in place of apexification in 
immature roots. The ability of MTA to promote regeneration of periradicular tissues was 
demonstrated by Hayashi et al. (10).  MTA was used to retreat root canals with open 
apices. The treated teeth were asymptomatic and radiographic evidence showed 
regeneration of the periradicular tissue two years after obturation. This study showed that 
MTA can be used as apical barrier in cases with infected root canals with open apices. 
They postulated that MTA’s superior sealing ability in moist conditions played a major 
role in the healing of the periradicular region. 
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2.4.4 PMTA and WMTA 
All the above mentioned properties of MTA showed that it meets most of the criteria for 
use as a root-end filling material, perforation repair material and pulp capping material. 
Indeed, its biocompatibility is better than other contemporary materials in use. 
MTA was first marketed as ProRoot MTA (Dentsply Tulsa Dental, Tulsa, OK, USA), a 
grey coloured powder. This limited its use in areas of aesthetic concern. This led to the 
development of ProRoot MTA (Tooth coloured formula) (Dentsply Tulsa Dental, Tulsa, 
OK, USA). 
Although ProRoot MTA (henceforth referred to as PMTA) has been subjected to a 
number of tests, very little is known about ProRoot MTA (Tooth coloured formula) 
(henceforth referred to as WMTA). WMTA needs to be subjected to the same tests as 
PMTA before it can be accepted as a more aesthetic substitute for PMTA. 
Holland et al. (94) implanted dentine tubes filled with WMTA into rat subcutaneous 
tissue and found granulations birefringent to polarized light and an irregular bridge like 
structure next to the material; both of which were von Kossa positive. The results were 
similar to those reported for PMTA, indicating that the mechanisms of induction of hard 
tissue formation for PMTA and WMTA are similar. 
Perez et al. (95) showed that WMTA differs from PMTA in its surface topography using 
Scanning Electron Microscopy (SEM) studies. The study also demonstrated that primary 
osteoblasts and MG-63 osteosarcoma cells do not survive on the surface of WMTA by 
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 the end of 13 days. They postulated that the significantly lower iron content in WMTA as 
compared to PMTA could contribute to the inability of the osteoblasts to remain attached 
to the surface of WMTA. 
Further studies will need to be conducted to ascertain that WMTA is suitable for use as a 
substitute for PMTA.  
 
2.5 Principal Component of MTA-Portland Cement 
The United States patent for MTA (11, 12) states that the principal component of MTA is 
Portland cement. The basic materials for Portland cement are lime (CaO), silica (SiO2), 
alumina (Al2O3) and iron oxide (Fe2O3). As Portland cement is not radiopaque bismuth 
oxide (Bi2O3) has been added to make the mix radiopaque. However, MTA is very 
expensive. If generic PC has similar properties as MTA, it may be reasonable to consider 
Portland cement as a cheaper alternative to MTA. In addition the vast amount of 
information and knowledge available on Portland cement may be tapped upon to improve 
certain characteristics of MTA which could lead to expanded clinical applications of 
MTA. If PC or its derivatives is to be used clinically, it needs to fulfil the physical 
mechanical and biocompatibility requirements of a dental restorative material. Studies 
have compared the composition and biocompatibility of MTA with PC.  
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 2.5.1 Comparison of MTA with Portland cement 
2.5.1.1 Composition 
The principal component of MTA is Portland cement. Bismuth oxide has been added to 
make the mix radiopaque (11, 12). Funteas et al. (13) performed a comparative analysis 
of MTA and PC. They analyzed samples of MTA and PC for fifteen different elements 
by inductively coupled plasma emission spectrometry (ICP-ES). Comparative analysis 
revealed that there was significant similarity except there was no detectable quantity of 
bismuth in PC. They concluded that there is no significant difference between the 14 
elements present in both PC and MTA. Using X-ray diffraction analysis (XRD), Lee et 
al. (96) determined the crystalline phases of MTA before and after hydration. They 
observed several sharp peaks of tricalcium silicate (C3S), tricalcium aluminate (C3A), 
calcium silicate (C2S) for the sample of unhydrated MTA. Although Funteas et al. (13) 
compared the elements present in MTA and PC, they did not compare the compounds 
present in the two cements. Lee et al. (96) only examined the constituents present in 
MTA, but did not compare it to PC. No studies have compared the major constituents of 
MTA, especially WMTA with Portland cement. 
 
2.5.1.2 Biocompatibility 
Abdullah et al. (2002) (14) examined the biocompatibility of two variants of accelerated 
Portland cement (APC) in vitro by observing the cytomorphology of SaOS-2 
osteosarcoma cells in the presence of test materials and the effect of these materials on 
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 the expression of markers of bone remodelling. Glass ionomer cement (GIC), MTA and 
ordinary PC were used for comparison. Cell morphology was observed using scanning 
electron microscopy (SEM) and scored. Culture media were collected for cytokine 
quantification using enzyme-linked immunosorbent assay (ELISA). On SEM evaluation, 
healthy SaOS-2 cells were found adhering onto the surfaces of APC variants, PC and 
MTA. In contrast, rounded and dying cells were observed on GIC. Using ELISA, levels 
of interleukin IL-1b; IL-6, IL-18 and OC were significantly higher in APC variants 
compared with controls and GIC (p<0.01), but the levels of cytokines were not 
statistically significantly different compared with MTA. They concluded that both APC 
variants were non-toxic and may have the potential to promote bone healing. They 
suggested that APC may be further developed to produce a viable dental restorative 
material.  
Saidon et al. (4) compared the in vitro cytotoxic effect and the tissue reaction of MTA 
and PC to bone implantation in the mandibles of guinea pigs and found no difference in 
the cell reactions in vitro. Bone healing and minimal inflammatory response was 
observed next to both materials. 
A major concern regarding use of water based cements is the amount of leachable arsenic 
and lead present in the material. Arsenic and lead are impurities of limestone, used in the 
manufacture of Portland cement. The ISO 9917-1:2003(E) (97)  recommends that water 
based dental cements should contain less than 2 mg/kg of acid soluble arsenic and less 
than 100 mg/kg of acid soluble lead. Duarte et al. (98) determined the release of arsenic 
from grey Portland cement (Votorantim Cimentos, Cubata~o, Brazil), grey Portland 
cement Ribeira~o (Companhia de cimento Ribeira~oGrande, Ribeira~o Grande, Brazil), 
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 white Portland cement Iraja´ (Cimento Rio Branco, Rio deJaneiro, Brazil), ProRoot MTA 
(Tulsa Dental, Tulsa, Okla), and MTA-Angelus (Odonto-Lo´gika,Prod. Odont., Londrina, 
Parana´, Brazil). The results of their study showed very low levels of arsenic released by 
the materials, with all values recorded being well below the toxic levels. The highest 
values were observed for Votoran Portland cement, with values of 0.007 ppm after 3 h 
and 0.006 ppm after 168 h. The other materials showed levels of 0.002 ppm.  They also 
suggested that if arsenic levels were high in Portland cements and MTA’s, these materials 
would be unlikely to show such satisfactory responses in cell cultures and in animals. 
They also stated that studies analyzing the composition of Portland cement and MTA do 
not mention the presence of arsenic as a component, indicating that, if present, its 
concentration is minimal, as observed in their study.  They concluded that the 
concentration of arsenic is low in Portland cements and MTA’s and closely similar, thus 
demonstrating no contraindication for the use of these materials in clinical practice in 
terms of the presence of this chemical element. 
 Although these studies showed that there are similarities between MTA and PC, and that 
PC is biocompatible, studies that compare the composition, physical properties and 
sealing ability of the two are still not available.   
The following section will review the types, composition, hydration behaviour, and 
different admixtures of Portland cement. 
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 2.5.2 Definition of Portland cement 
A cement is a material which binds together solid bodies, or aggregates, by hardening 
from a plastic state (99). Portland cement is the name given to a cement obtained by 
intimately mixing together calcareous and argillaceous, or other silica-, alumina-, and 
iron oxide-bearing materials, burning them at a clinkering temperature, and grinding the 
resulting clinker (100). 
The British Standard Institution European Prestandard 197-1 (101) defines cement as a 
hydraulic binder or a finely ground inorganic material which, when mixed with water, 
forms a paste which sets and hardens by means of hydration reactions and processes and 
which, after hardening, retains its strength and stability even under water. It states that PC 
is a hydraulic material consisting of at least two-thirds by mass of calcium silicates 
((CaO)3.SiO2  and (CaO)2.SiO2), the remainder containing aluminium oxide (Al2O3), iron 
oxide (Fe2O3) and other oxides with the content of magnesium not exceeding  5.0% by 
mass. 
2.5.3 Composition of Portland cement 
Portland cement consists mainly of four major oxides, namely, lime (CaO), silica (SiO2), 
alumina (Al2O3) and iron oxide (Fe2O3). These make up more than 90% of the cement 
weight. The remaining 10% consists of magnesia (MgO), alkali oxides (Na2O and K2O), 
titania (TiO2), phosphorus pentoxide (P2O5), and gypsum. These are known as minor 
constituents (102). 
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 The four major constituents of PC are tricalcium silicate (C3S), tricalcium aluminate 
(C3A), calcium silicate (C2S) and tetracalcium aluminoferrite (C4AF). The main 
cementious compounds in the cement are the two calcium silicates (C3S and C2S) (97). 
PC is available in Ordinary (grey) and White varieties. The lighter colour of  White 
Portland (WP) is due to the reduction in the ferrite phase. There is an increased ratio of 
Al2O3 to Fe2O3 in the white variety. However, complete elimination of the ferrite phase is 
impossible. The component is usually reduced by producing the cement clinker under 
reducing conditions and by rapid quenching (99). The reduction of the ferrite phase 
necessitates higher kiln temperatures as iron normally acts as a flux. The raw material 
used for WP also contains less iron and manganese oxide and is more expensive. In order 
to lessen iron contamination, expensive molybdenum and nickel alloy balls are used for 
grinding instead of the usual ball mill. As a result the cost of WP is approximately two 
times that of the ordinary variety (103). 
 
2.5.4. Cement Production 
Cement is a mixture of compounds made by burning limestone and clay together at very 
high temperatures ranging from 1400 to 1600 ° C (99). The production of PC begins with 
the quarrying of limestone, CaCO3. The limestone is crushed and then mixed with clay, 
sand, and iron ore and ground together to form a homogeneous powder. The mixture is 
heated in kilns that are long rotating steel cylinders. The mixture of raw materials enters 
at the high end of the cylinder and slowly moves along the length of the kiln due to the 
constant rotation and inclination. At the low end of the kiln, a fuel is injected and burned, 
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 thus providing the heat necessary to cause the materials to react. It can take up to 2 hours 
for the mixture to pass through the kiln, depending upon the length of the cylinder. As the 
mixture moves down the cylinder, it progresses through four stages of transformation. 
Initially, any free water in the powder is lost by evaporation. Next, decomposition occurs 
from the loss of bound water and carbon dioxide. This is called calcination. The third 
stage is called clinkering. During this stage, the calcium silicates are formed. The final 
stage is the cooling stage (99). 
The marble-sized pieces produced by the kiln are referred to as clinker. The clinker is 
cooled, ground, and mixed with a small amount of gypsum to produce PC (103). 
2.5.5 Cement Hydration 
Water is a key reactant in cement hydration. The incorporation of water into a substance 
is known as hydration. Water and cement initially form a cement paste that begins to 
react and harden (set). This paste binds the aggregate particles through the chemical 
process of hydration. In the hydration of cement, chemical changes occur slowly, 
eventually creating new crystalline products, heat evolution, and other measurable signs 
(103). 
cement + water = hardened cement paste 
When water is added to cement, each of the compounds undergoes hydration and 
contributes to the final product. Only the calcium silicates contribute to strength. 
Tricalcium silicate is responsible for most of the early strength. Dicalcium silicate, which 
reacts more slowly, contributes only to the strength at later times (102). 
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 The equation for the hydration of tricalcium silicate is given by:  
Tricalcium silicate + Water = Calcium silicate hydrate + Calcium hydroxide + heat  
2 Ca3SiO5 + 7 H2O = 3 CaO.2SiO2.4H2O + 3 Ca(OH)2 + 173.6kJ  
Upon the addition of water, tricalcium silicate rapidly reacts to release calcium ions, 
hydroxide ions, and a large amount of heat. The pH quickly rises to over 12 because of 
the release of alkaline hydroxide (OH-) ions. This initial hydrolysis slows down quickly 
after it starts, resulting in a decrease in heat evolved (102). 
The reaction continues, producing calcium and hydroxide ions until the system becomes 
saturated. Once this occurs, the calcium hydroxide starts to crystallize. Simultaneously, 
calcium silicate hydrate begins to form. Calcium and hydroxide ions precipitate out of 
solution, accelerating the shift of equilibrium of the reaction to the right. The evolution of 
heat is then dramatically increased. 
The formation of the calcium hydroxide and calcium silicate hydrate crystals provide 
"seeds" upon which more calcium silicate hydrate can form. The calcium silicate hydrate 
crystals grow thicker, making it more difficult for water molecules to reach the 
unhydrated tricalcium silicate. The speed of the reaction is now controlled by the rate at 
which water molecules diffuse through the calcium silicate hydrate coating. This coating 
thickens over time, causing the production of calcium silicate hydrate to become slower 
and slower. The hydration will continue as long as water is present and there are still 
unhydrated compounds in the cement paste (103). 
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 Dicalcium silicate also affects the strength of concrete through its hydration. Dicalcium 
silicate reacts with water in a similar manner compared to tricalcium silicate, but much 
more slowly. The heat released is less than that by the hydration of tricalcium silicate 
because dicalcium silicate is much less reactive (103). The products from the hydration of 
dicalcium silicate are the same as those for tricalcium silicate:  
Dicalcium silicate + Water = Calcium silicate hydrate + Calcium hydroxide +heat  
2 Ca2SiO4 + 5 H2O = 3 CaO.2SiO2.4H2O + Ca(OH)2 + 58.6 kJ  
In general, the rates of hydration during the first few days ranked from fastest to slowest 
are:  
tricalcium aluminate > tricalcium silicate > tetracalcium aluminoferrite > dicalcium 
silicate (100).  
Low water to cement ratio leads to high strength but low workability. High water to 
cement ratio leads to low strength, but good workability. Time is also an important factor 
in determining concrete strength. Concrete hardens with time and the hydration reactions 
get slower and slower as the tricalcium silicate hydrate forms. It takes a long time for all 
of the bonds to form, which determines concrete's strength (100). 
The complexity of the hydration reaction of PC is evident from the three peaks in the heat 
liberation rate. First, there is an initial peak, followed by a dormant period and then a 
major peak in heat evolution (99). The initial setting of concrete corresponds to a rapid 
rise in temperature while the final set corresponds to the peak temperature (103). 
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 The products of hydration of tricalcium silicate (C3S) are calcium silicate hydrate (C-S-
H) and crystalline calcium hydroxide (CH). The soluble sulphate and alkalis present in 
PC accelerates the hydration of C3S. The products of hydration of dicalcium silicate are 
also C-S-H and CH. However, the proportion of CH is only one-fifth of that produced in 
the hydration of C3S. The hydration of C2S takes place much more slowly than that of 
C3S (99). 
Tricalcium aluminate (C3A) reacts rapidly with water, and in the presence of calcium 
sulphate, forms ettringite. When the supplies of sulphate ions run out, there is a sudden 
acceleration in the hydration reaction rate, and ettringite is replaced by monosulphate. 
The hydration products of calcium aluminoferrite are similar to those of C3A (99). 
The rates of hydration of the individual cement compounds vary considerably. C3A 
reacts with water almost instantaneously and most of its hydration is completed within 24 
hours, while C2S reacts with water very slowly and its hydration continues for weeks or 
months (102). 
The rate of hydration is maximum in the early stages and continues as long as there is 
sufficient water but the rate decreases with time until it finally stops. 
The decrease in the rate of hydration takes place earlier if the water/cement ratio is low. 
Consequently, the lower the water/cement ratio, the lower the degree of hydration and the 
average rate of hydration. Temperature also affects the rate of hydration. The rate of 
hydration increases with temperature, as long as the rise in temperature does not cause 
drying of the paste. Retarders and accelerators generally decrease and increase the rate of 
hydration, respectively (102). 
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 2.5.6 Types of Portland cement 
According to the standard specifications described by the American Society for Testing 
and Materials (ASTM) (104), there are five types of Portland cement. 
Type I cement is the normal Portland cement suitable for all uses. It is used when the 
concrete is not subjected to special sulphate hazard. It is also used in situations where the 
heat of hydration will not cause an undesirable rise of temperature. 
Type II cement is used when the cement is liable to be exposed to mild sulphate attacks 
and when a moderate heat of hydration is desirable to prevent cracking due to uneven 
cooling. 
Type III cement is used when early strength is required. 
Type IV cement is used when low heat of hydration is required. 
Type V is a heat resistant cement. 
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2.6 Cement Admixtures 
Admixtures are ingredients other than water, aggregates, hydraulic cement, and fibres 
that are added to the concrete batch immediately before or during mixing. A proper use of 
admixtures offers certain beneficial effects to concrete, including improved quality, 
acceleration or retardation of setting time, enhanced frost and sulphate resistance, control 
of strength development, and improved workability (103,105). 
2.6.1 Air entraining admixture 
These are a group of surfactants which stabilize the air entrapped during the mixing 
process by acting at the air-water interface in the cement paste. They are usually used in 
the form of sodium salts and the overall effect is to reduce the surface tension of water 
resulting in an improvement in the cohesion of the mix (105). 
2.6.2 Water reducing admixtures 
These admixtures are used to reduce the amount of water required to produce a working 
mix thus producing a denser, stronger mix. They also help to increase workability for a 
given composition. These admixtures are further classified into normal, accelerating and 
retarding water reducers (105). 
Normal water reducing mixtures have no effect on the subsequent hydration of the 
cement. However, they cause a shortening of the stiffening time and an increase in early 
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 strength. The materials used are usually calcium or sodium salts of lignosulphonic acid 
and hydroxycarbolic acids.  
Accelerating water reducing admixtures combine water reducing capability with the 
acceleration of cement hydration. Mixtures of Calcium lignosulphate and calcium 
chloride are usually used. Higher strengths can be obtained using conventional 
accelerators like calcium chloride. 
Retarding water reducing admixtures use hydroxycarboxylic acids to delay the setting 
time of concrete without affecting the strength properties (105). 
2.6.3 Superplasticising admixtures 
These are high range water reducing admixtures and can be used to significantly reduce 
the volume of mixing water. The common superplasticizers used are sulphonated 
melamine-formaldehyde condensates, sulphonated naphthalene-formaldehyde 
condensates and modified lignosulphates. These admixtures act mainly by physical 
interaction rather than chemical reactions. With large reductions in water content, 
improved strengths and reduced permeability can be obtained (103, 105). 
2.6.4 Retarding admixtures 
Admixtures that lengthen the setting time by extending the hydration induction period are 
called retarding admixtures (99, 105). Usually these admixtures coat cement particles and 
slow down hydration. Salts of metals such as tin, chloride, and magnesium retard 
hydration by forming insoluble hydroxides. Materials also work by enhancing the early 
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 hydration sheath which forms on the cement grains. Sugars such as glucose and sucrose 
can be used to retard hydration. 
2.6.5 Accelerating admixtures 
These are substances which shorten the setting time and often increase the rate of early 
strength development. They can be further classified into rapid set accelerators and 
accelerators of setting and hardening (101, 105). 
Rapid set accelerators are those which affect mainly the C3A phase by aiding the 
dissolution of silica and alumina and interfering with the C3A-gypsum reaction. They are 
usually highly alkaline chemicals like metal hydroxides, carbonates, aluminates and 
silicates. They accelerate the hydration of C3A resulting in a considerable evolution of 
heat and precipitation of insoluble calcium salts. A few salts of strong acids and weak 
bases accelerate hydration of the tricalcium silicate and can lead to flash setting at higher 
doses. The final strength is however compromised, the extent increasing with increasing 
dosage and consequent shortening of setting time. The accelerators may be used as a 
powder or added as a liquid with the mixing water (105). 
Accelerators for setting and hardening mainly influence the C3S phase of the cement to 
promote early strength. Most are soluble salts of alkali and alkaline earth metals. 
2.6.6 Speciality admixtures 
These include the use of natural and synthetic rubbers and organic polymers. These are 
used to incorporate improved strength and low permeability. These also include 
thickening agents or viscosity enhancers which modify the rheological properties of the 
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 cements. These include natural gums such as alginates and guar, cellulose ethers and poly 
oxides. These polymers impart a water retention capacity to the cements (105). 
Thus the properties of Portland cement can be modified and manipulated with admixtures 
to enable its use in diversified applications.   
Portland cement is widely available in a variety of formulations. As it is an industrial 
grade cement, cements obtained from different manufacturers may differ in their 
composition and properties. X-ray Diffraction analysis is a well known experimental 
technique that can be used to analyze the constituents of these different grades of 
cements. 
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2.7 X-ray Diffraction Analysis 
2.7.1 Introduction  
X-rays are electromagnetic radiation lying between the ultraviolet and gamma regions in 
the electromagnetic spectrum. The wavelengths of X-rays are expressed in Angstrom unit 
(Å); one Å being equal to 10-8 cm. 
When X-rays are incident on crystalline substances they are scattered in all directions. 
Diffraction is a scattering phenomenon. In some of these directions the scattered beams 
are completely in phase and reinforce one another to form the diffracted beams 
(106,107). The powder pattern of a substance is characteristic of that substance and forms 
a sort of fingerprint by which the substance can be identified. A collection of diffraction 
patterns for many substances allows identification of an unknown by recording its 
diffraction pattern, and then locating in the file of known patterns, one which matches the 
pattern of the unknown exactly (108).  
2.7.2 Bragg’s Law 
Bragg’s law lays down the condition under which diffraction occurs. It states that when a 
perfectly parallel and monochromatic X-ray beam of wavelength λ is incident on a 
crystalline structure at an angle θ, diffraction will occur if 
nλ = 2d sin θ  
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 Where d is the distance between the planes in the crystal expressed in Angstroms and n is 
the order of reflection (an integer) (109). 
X-ray powder patterns are usually obtained using a powder diffractometer. In the earlier 
days powder diffraction was recorded on an x-ray film with  a variety of cameras and the 
diffraction pattern was obtained as a series of elliptically distorted narrow concentric ring 
segments. Powder diffraction data today are collected using sophisticated analytical 
instruments known as powder diffractometers (107). 
 
2.7.3 Powder Diffractometers 
A powder diffractometer furnishes fully digitized experimental data in the form of 
diffracted intensity according to Bragg’s law. 
Nearly all powder diffractometers have common operating principles dictated by the 
properties of X-rays. Most high resolution powder diffractometers use self-focusing 
geometries which improve the diffracted intensity and resolution of the instrument. 
The typical diffractometer consist of  
i. X-ray generator. 
ii. Goniometer for measuring angle of diffracted X-ray. 
iii. Recording system for measuring intensity of X-ray. 
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 The angle between the plane of the specimen and the x-ray source is θ, the Bragg angle 
(109). The instruments operate in the 0-2θ scanning range where the incident and 
diffracted beams both form the same angle θ with the surface of a flat sample and the 
diffracted beam forms a 2θ angle with the incident beam (108). 
 
2.7.4 Identification of Solid Phases 
X-ray diffractometry is used to identify solid phases. The X-ray powder pattern of every 
crystal of a compound is unique and characteristic, making this technique ideally suited 
for identification of different polymorphic forms of a compound. The technique has also 
been adapted to identify amorphous compounds (106). 
 
2.7.5 Reference Diffraction Patterns 
The International Centre for Diffraction Data (ICDD) maintains a collection of single 
phase X-ray powder patterns (110).  There are separate listings of organic and inorganic 
matter. 
A typical Powder Diffraction File (PDF) card contains a PDF file number, quality mark 
of the data, the chemical formula, specimen name, the experimental conditions under 
which the diffraction pattern was obtained, physical data including lattice parameters and 
crystallographic patterns. 
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 2.7.6 Sample preparation 
The powder is packed into an x-ray holder which consists of rectangular aluminium or 
glass plates having a rectangular window for packing the powder. X-ray diffraction 
studies are usually carried out at room temperatures but temperature dependent 
diffraction patterns where the sample is heated or cooled can also be performed. 
The sample is created by filling the cavity of a holder with dry powder after placing the 
specimen holder on a flat glass slab. Powder is compacted by applying pressure with a 
flat spatula. The excess powder is removed from the surface of the sample holder by a 
single sweep of the edge of a glass slide. Complete and uniform coverage of the holder is 
essential (111). 
 
 2.7.7 Interpretation of Data:ASTM method 
Each component of a mixture or a compound will have a characteristic diffraction 
pattern, independent of other components in the mixture. Powder diffraction patterns are 
usually plotted with scattered intensity as a function of Bragg angle, 2θ. The diffraction 
pattern of the material is peculiar to the material. On this basis, it is possible to conduct 
qualitative analysis of the material. In other words the diffraction pattern of the unknown 
material is compared to documented diffraction patterns of known materials. 
In the ASTM card (ASTM X-ray Powder Data file), the diffraction patterns of materials 
are indicated by the interplanar spacing d, corresponding to each diffracted x-ray and the 
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 relative intensity of the diffracted x-ray. The materials are represented by the value of the 
3 strongest x-ray peaks and the relative intensity I.  
ASTM cards have two types of indices.  
i. Alphabetical index of each substance by name which facilitates searching by 
the name of the material and chemical formula. 
ii. Numerical index by three strongest x-ray peaks which facilitates searching by 
diffraction patterns. 
After the experiment is run, the values of relative intensity I and θ are plotted. The proper 
group representing the strongest peak is located in the numerical index. Then the closest 
match for the other two peaks is located and the relative intensities are compared with the 
tabulated values. When good agreement is found for all the three strongest lines, the 
proper data file is located and the relative intensities of all the lines are compared to 
complete the identification (111). 
XRD analysis can thus be used to easily identify and compare the composition and major 
constituents of cements. Although the literature has numerous studies on MTA and 
Portland cement, studies comparing the major constituents, physical properties and 
sealing ability of the two cements are still not available. 
As stated earlier in Section 1.2, the aims of this research were to compare the major 
constituents, physical properties, compressive strength and sealing ability of WMTA, 
PMTA, WP and OP cements. 
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 3.1 Abstract 
The aim of this study was to compare the major constituents present in ProRoot MTA, 
ProRoot MTA (Tooth Coloured Formula), Ordinary Portland cement and White Portland 
cement using powder X-ray Diffractometery. X-ray Diffractometery of the 4 materials 
was carried out with the divergence and scatter slits set at 1 degree and the receiving slit 
at 0.10 mm. The scan range was set at 5 to 70 degrees and continuous scans for the θ to 
2θ range were run with a scan speed of 2 degrees/minute. The obtained patterns were 
then compared to the Powder Diffraction Files (PDF) found in the International Centre 
for Diffraction Data (ICDD) database. The three strongest peaks were used for the 
identification of the constituents. The relative intensities were plotted against the angle 2θ 
and compared with the plots in the PDF. The main constituents were found to be 
tricalcium silicate (C3S), tricalcium aluminate (C3A), calcium silicate (C2S), and 
tetracalcium aluminoferrite (C4AF) in all the four cements with the additional presence 
of Bi2O3 in MTA. Thus the four cements were found to have similar major constituents. 
Given the similarity in the composition of MTA and Portland cement, further in vitro and 
in vivo studies especially with regards its biocompatibility are indicated to explore the 
possible use of Portland cement as a cheaper substitute for MTA. 
  
Keywords: X-ray Diffraction analysis; root-end filling materials; MTA; Portland cement 
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 3.2 Introduction 
 
Mineral Trioxide Aggregate has emerged as a popular root-end filling material both 
because of its biocompatibility (1-3) and superior sealing ability (4-7). 
MTA is a fine powder consisting of hydrophilic particles of tricalcium silicate, tricalcium 
aluminate, tricalcium oxide and silicate oxide (8). The United States Patent No 5,415,547 
and 5,769,638 for MTA states that the base material for MTA is Portland cement and 
bismuth oxide has been added to make the mix radiopaque (9, 10). This has generated 
interest in the evaluation of Portland cement as an alternative to MTA, since Portland 
cement is less costly and widely available. Funteas et al. (11) analyzed samples of MTA 
and Portland cement for fifteen different elements using inductively coupled plasma 
emission spectrometry (ICP-ES). Comparative analysis revealed that there was 
significant similarity except there was no detectable quantity of Bismuth in Portland 
cement. They concluded that there is no significant difference between the 14 different 
elements in both Portland cement and MTA. The biocompatibility of MTA and Portland 
cement has also been compared and both materials were found to be biocompatible (12, 
13). 
The hydration behaviour of MTA in various physiological environments has also been 
investigated (14). Using X-ray diffraction analysis (XRD), the authors determined the 
crystalline phases of MTA before and after hydration. They observed several sharp peaks 
of tricalcium silicate (C3S), tricalcium aluminate (C3A) and calcium silicate (C2S) for 
the sample of unhydrated MTA. They observed sharp peaks at 2θ = 27.3° and multiple 
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 peaks at 32° and 34°. They also observed that in hydrated samples the same three phases 
of C3S, C2S, and C3A were observed in the same locations, but the line intensities were 
reduced. They stated that since these reactants dissolved in water to form hydrated 
products, a reduction in quantity was observed.  
X-ray diffraction (XRD) is a method widely used to investigate the structure of alloys 
(15).  It has also been used for the study of dental alloy oxidation (16) and metal-ceramic 
interfaces (17). X-ray diffraction is also a useful analysis technique for the study of 
cements. It enables identification of the major crystalline products in a cement sample.  
MTA is currently available commercially in two formulations: ProRoot MTA (PMTA), a 
grey variety and ProRoot MTA (Tooth Coloured Formula) (WMTA) (Dentsply Tulsa 
Dental, Tulsa, OK). Most of the earlier studies on MTA were conducted using PMTA. 
The number of studies conducted using WMTA is limited as it is a relatively new 
product. Like MTA, Portland cement is also available in grey (Ordinary Portland) (OP) 
and white (White Portland) (WP) varieties. Although XRD of grey variety of MTA has 
been carried out (14) and the elements present in grey MTA and OP compared (11), 
studies comparing the major constituents of PMTA and WMTA with Portland cement are 
still not available. The aim of this study was to use X-ray diffraction to compare the 
major constituents present in PMTA, WMTA, Ordinary Portland cement (OP) and White 
Portland cement (WP) (Asia Cements Pte. Ltd., Singapore). 
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 3.3 Materials and methods 
3.3.1 Sample preparation 
Specimens were prepared by packing dry powder into an x-ray holder which was placed 
on a flat glass slab. The X-ray holder consists of rectangular aluminium plates having a 
rectangular window for packing the sample. Powder was compacted by applying pressure 
with a flat spatula. The excess powder was removed from the surface of the sample 
holder by a single sweep with the edge of a glass slide. The holder was checked to ensure 
complete and uniform coverage of the holder. A Powder X-Ray Diffractometer 
(Shimadzu Corporation, Kyoto, Japan) with Ni filter and CuKα radiation (λ-0.154 nm) 
running at 30 kv voltage and 30 ma current was used. The divergence and scatter slits 
were set at 1 degree and the receiving slit at 0.10 mm. The scan range was set at 5 to 70 
degrees and continuous scans for the θ to 2 θ range were run with a scan speed of 2 
degrees/minute. 
 
3.3.2 Interpretation of Data  
Each component of a mixture or a compound has a characteristic diffraction pattern, 
independent of other components in the mixture. Powder diffraction patterns are usually 
plotted with scattered intensity as a function of Bragg angle, 2θ. The diffraction pattern of 
the material is peculiar to the material and on this basis it is possible to conduct 
qualitative analysis of the material. The diffraction pattern of the unknown material is 
compared to documented diffraction patterns of known materials. Diffraction patterns of 
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 known materials are documented in the Powder Diffraction Files found in the 
International Centre for Diffraction Data (ICDD) database (18). In the ICDD card , the 
diffraction pattern of materials are indicated by the interplanar spacing d, corresponding 
to each diffracted x-ray and the relative intensity of the diffracted x-ray. The materials are 
represented by the value of the 3 strongest x-ray peaks and the relative intensity I. The 
relative intensity indicates the quantity of a compound or constituent present in the 
material.  
These cards have two types of indices.  
i. Alphabetical index of each substance by name which facilitates searching by 
the name of the material and the chemical formula. 
ii. Numerical index by three strongest x-ray peaks which facilitates searching by 
diffraction patterns. 
After the experiment was run, the values of relative intensity I and θ were plotted. The 
proper group representing the strongest peak was located in the numerical index. Then 
the closest matches for the other two peaks were located and the relative intensities were 
compared with the tabulated values. When good agreement was found for all the three 
strongest lines, the proper data file was located and the relative intensities of all the lines 
were compared to complete the identification. 
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3.4 Results 
The results of the XRD are presented in the following graphs. 
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For WMTA, a large peak representing C3S was observed at 2θ = 31.9°. In addition 
peaks representing C2S and C3S were also observed at 2θ = 31.99, 30.55 and 41.66°. A 
peak was also observed at 2θ = 37.67° and this represented C3A. Another peak was 
observed at 2θ = 34.56° and this represented C4AF. A peak was also observed at 2θ = 
27.2°. This represented bismuth oxide. 
For PMTA, a large peak was observed at 2θ = 29.3° representing C3S. Peaks 
representing C2S was observed at 2θ = 32.45° and at 2θ = 34.26. A peak representing 
C3A was observed at 2θ = 33.1°. Another peak representing C4AF was observed at 2θ = 
34.26. Similar to WMTA, a peak representing bismuth oxide was observed at 2θ = 27.2°. 
For WP, peaks representing C3S were observed at 2θ = 29.38° and at 2θ = 32.44°. Peaks 
representing C2S were observed at 2θ = 32.44° and at 2θ = 35.26°. Another peak 
 - 64 -
 representing C3A was observed at 2θ = 33.26°. A peak representing C4AF was observed 
at 2θ = 34.26°. 
For OP, peaks representing C3S were observed at 2θ = 29.38° and at 2θ = 32.13°. Peaks 
representing C2S were observed at 2θ = 32.13° and at 2θ = 34.32°. Another peak 
representing C3A was observed at 2θ = 33.26°. A peak representing C4AF was observed 
at 2θ = 34.32°. 
The XRD results indicated that in all four materials tested, the major constituents were 
tricalcium silicate (C3S), tricalcium aluminate (C4AF), calcium silicate (C2S), and 
tetracalcium aluminoferrite (C4AF). Thus WMTA, PMTA, WP and OP have the same 
major constituents. However bismuth oxide found was found in MTA and this was not 





Using inductively coupled plasma emission spectrometry (ICP-ES), Funteas et al. (11) 
was able to identify the elements present in MTA and Portland cement. Although they 
have shown that the elements present were similar, it was not known if the major 
compounds present in MTA and Portland cement were the same. The use of XRD 
permitted the identification of the major constituents or compounds present in a material 
or mixture. Further, we have also included samples of WMTA and WP which has not 
been compared in previous studies. Although PMTA and WMTA appeared different on 
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 visual examination because of their colour, our results showed that in fact, the two  
products shared the same major constituents. Using XRD, Lee et al. (14) demonstrated 
the presence of multiple peaks of tricalcium silicate (C3S), tricalcium aluminate (C3A) 
and calcium silicate (C2S) for unhydrated MTA. They observed sharp peaks at 2θ = 27.3° 
and multiple peaks at 32° and 34°. Our results for PMTA corroborated their findings.  
The identification of the major constituents of a material is important as it will lead to 
understanding of its physical, chemical and mechanical properties. Although MTA is a 
relatively new material in dentistry, Portland cement has been used in the construction 
industry for a very long time. Since MTA has major constituents similar to Portland 
cement, the vast amount of information and knowledge available on Portland cement may 
be called upon to improve certain characteristics of MTA. For example accelerating 
admixtures such as metal hydroxides or aluminates can be added to Portand cement to 
reduce its setting time and improve its strength. As the major constituents of MTA and 
Portland cement are similar, it is likely that the admixtures will have similar effects on 
MTA. A modified MTA with faster setting time or higher compressive strength may 
potentially have expanded clinical applications, including use as a coronal dental 
restorative material.    
Although both MTA and Portland cement have been found to be biocompatible (2, 12, 
13), there have been reports that Portland cement has been associated with acute 
respiratory and eye irritation by workers performing maintenance duties inside a kiln on a 
Portland cement plant (19). These are regarded as hazards of the alkaline dust produced 
during Portland cement manufacture. Other risks of prolonged particle exposure that have 
been reported include conjunctivitis, sinusitis, bronchitis and dyspnoea (20, 21). If 
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 Portland cement, whether in its native forms or after modification, is to be used 
intraorally, particular importance has to be paid to its biocompatibility. MTA was 
successfully modified from Portland cement and was approved for use by the Food and 
Drug Administration (FDA) in 1998 (8) after extensive in-vitro and in–vivo tests have 
shown it to be biocompatible. Any further modified form of MTA, for example, by 
addition of a suitable admixture to improve the handling characteristic and setting time of 
MTA, should similarly be subjected to rigorous in-vitro and in-vivo testing, before it may 
be recommended for clinical use.  
WP cement differs from OP in its lower iron content. The lighter colour of WP is due to 
the reduction in the ferrite phase. During the production of WP, the ferrite component is 
usually reduced by producing the cement clinker under reducing conditions and by rapid 
quenching (22). WP also has lower compressive strength compared to OP and is used 
commercially in civil engineering works as a repair material and in architecture because 
of its aesthetic value. It is unclear if WMTA was formulated using WP as base material. 
The physical and mechanical properties of the two cements are likely to be similar if WP 
was the base material for WMTA. When WMTA is used as a root-end filling material, a 
slight decrease in compressive strength compared to PMTA is not critical, since root-end 
fillings are not subjected to direct occlusal load. However, OP or PMTA may be more 
suitable for use as a base material if it is to be modified and developed into a coronal 
restorative material. 
XRD is a reliable, precise and reproducible method to quantify the relative phase 
abundances in the Portland cement clinker and Portland cement (23). In theory positive 
identification of any substance whose diffraction pattern is included in the powder 
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 diffraction files should be possible. However, in practice, various difficulties arise which 
include errors in the diffraction pattern of the unknown, overlapping peaks and errors in 
the PDF. A given substance will always produce a characteristic diffraction pattern, 
whether that substance is present in the pure state or as one constituent of a mixture of 
substances (24). However the absolute amounts of phase contents cannot be determined if 
there are overlapping peaks. The classical method of determining the amount of a phase 
in a mixture is the comparison of the peak height and peak area. This method has been 
used in the analysis of free lime content in Portland cement clinker (23), but the almost 
complete overlap of the C3S and the C2S phases in our study makes quantitative analysis 
by determining peak heights or peak areas impossible. Alternative techniques will need to 
be employed to determine the quantity of the various phases present in the cements. In 
addition, XRD of the hydrated cements should also be performed to ascertain the 
compositional changes which the cement undergoes during setting. This can provide 
valuable insight to aid in the recommendation for use of Portland cement as a cheaper 
alternative to MTA and aid in the further development or modification of MTA so as to 
expand its scope of clinical applications. 
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This study evaluated and compared the pH, radiopacity, setting time, solubility, 
dimensional change and compressive strength of ProRoot MTA (PMTA), ProRoot MTA 
(Tooth coloured formula) (WMTA), White Portland cement (WP) and Ordinary Portland 
Cement (OP). The results showed that MTA and Portland cement have very similar 
physical properties. However, the radiopacity of Portland cement is much lower than that 
of MTA. The compressive strength of MTA was greater than Portland cement at 28 days. 
The major constituent of MTA is Portland cement. Given the low cost of Portland cement 
and similar properties when compared to MTA, it is reasonable to consider Portland 
cement as a possible substitute for MTA in endodontic applications. Further in vitro and 
in vivo tests especially with regards to its biocompatibility should be conducted to 
explore the use of Portland cement as an alternative to MTA.  
Keywords: physical properties, root-end filling material, Portland cement, MTA
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 4.2 Introduction 
Retrograde root canal therapy is the preferred approach in teeth with persistent periapical 
infections or when conventional therapy fails or is not feasible. A number of materials 
have been advocated for use as root-end filling materials and these include amalgam, 
composite resins, ethoxybenzoic acid cements, Cavit, glass ionomer cements, gutta 
percha, zinc oxide eugenol cements, polycarboxylate cements and Mineral Trioxide 
Aggregate (MTA) (1). The main disadvantages of most of the currently available root-
end filling materials include microleakage, cytotoxicity and sensitivity to the presence of 
moisture. 
MTA is currently a popular choice of root-end filling material. It has generated interest 
due to its superiority both in its biocompatibility and sealing ability over current root-end 
filling materials. In a series of tests, MTA has demonstrated excellent sealing ability (2-
5). It has been successfully used for direct pulp caps (6), repair of furcal perforations (7, 
8), and in the management of teeth with open apices (9). Torabinejad et al. (10) used two 
cell culture techniques and showed that MTA has significantly less cytotoxicity than 
amalgam, IRM and Super-EBA. There was no periradicular inflammation when MTA 
was used as a root-end filling in monkeys and a complete layer of cementum formation 
was seen over the fillings (11). When implanted into the tibia and mandibles of guinea 
pigs, it showed more favourable tissue reaction compared to amalgam, IRM and Super-
EBA (12). Main et al. (13) performed a long term study using MTA for repair of root 
perforations in sixteen human subjects and found that where a lesion was present, there 
was resolution of these lesions in all cases at the recall follow up visits. Torabinejad et al. 
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 (14) studied the physical properties of MTA and compared them to amalgam, IRM and 
Super-EBA. Although MTA has been shown to have adequate physical properties, 
superior biocompatibility and sealing ability when compared to the traditional root-end 
filling materials, it is expensive and exhibits poor handling characteristics. 
MTA is currently available commercially in two formulations, ProRoot MTA (PMTA) 
(Dentsply Tulsa Dental, Tulsa, OK), a grey variety and ProRoot MTA (Tooth Coloured 
Formula) (WMTA) (Dentsply Tulsa Dental, Tulsa, OK). MTA is a fine powder 
consisting of hydrophilic particles of tricalcium silicate, tricalcium aluminate and oxides 
of calcium and silicon (15). The United States Patent No 5,415,547 and 5,769,638 for 
MTA states that the base material for MTA is Portland cement and bismuth oxide has 
been added to make the mix radiopaque (16, 17). This has generated interest in the 
evaluation of Portland cement as an alternative to MTA and recent studies have 
compared MTA with Portland cement.  
MTA and Portland cement have almost identical properties macroscopically, 
microscopically and chemically when analyzed using inductively coupled plasma 
emission spectrometry (18). Saidon et al. (19) compared the in-vitro cytotoxic effect and 
the tissue reaction of MTA and Portland cement when implanted in the mandibles of 
guinea pigs and found no difference in the cell reactions to both materials. Bone healing 
and minimal inflammatory response were observed next to both materials. Abdullah et al. 
(20) investigated the biocompatibility of two variants of accelerated Portland cement 
(APC) in-vitro and showed that MTA and accelerated Portland cement have similar 
biocompatibility. They concluded that Portland cement is non-toxic and may have the 
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 potential to promote bone healing. They also suggested that it may be used as an 
alternative to MTA. 
Although the physical properties, sealing ability and biocompatibility of PMTA is well 
documented, there have been a very limited number of studies conducted using WMTA. 
Studies comparing the physical and mechanical properties of MTA and Portland cement 
are still not available. Understanding the physical and mechanical properties of a material 
is critical as these properties will determine if the material is suitable for clinical use as a 
restorative material, as well as dictate its clinical applications.   
Like MTA, Portland cement is available in both grey and white varieties. This study aims 
to compare the physical properties, namely, pH, solubility, radiopacity, dimensional 
change, setting time and compressive strength of PMTA, WMTA, Ordinary Portland 
cement (OP) (Asia Cements Pte. Ltd., Singapore) and White Portland cement (WP) (Asia 
Cements Pte. Ltd., Singapore). 
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4.3 Materials and methods 
4.3.1 pH  
The pH of the materials as they set was measured with a pH meter (Orion PerpHect Log 
R meter, Model 370, Orion Research Inc, Boston, MA, USA) using a temperature-
compensated electrode. The readings were taken periodically every two minutes from the 
start of mixing for 60 minutes. This was repeated three times for each material and the 
mean pH at each time interval was plotted against time. Statistical analysis was carried 
out using ANOVA and Fisher’s LSD at the 0.05 level of significance at three time points, 
namely, when the cement was freshly mixed, at 30 minutes and at 60 minutes. 
4.3.2 Radiopacity, Setting time, Solubility, Dimensional change 
The radiopacity, solubility and dimensional change following setting of the cements were 
determined according to the methods prescribed by the International Organization for 
Standardization for dental root canal sealing materials ISO 6876:2001 (21). In order to 
determine the radiopacity of the materials, a graph was plotted for the thickness of the 
aluminium wedge versus the logarithm of the corresponding densitometer values of the 
step wedge. The densitometer readings of the materials were then used to calculate their 
radiopacity from this graph. The ISO 6786:2001 recommendations for determining 
setting time is identical to the method  for determining the initial setting time described 
by ASTM C266-03 (22), which requires the measurement of both initial and final setting 
times using the initial and final Gillmore needles respectively. The initial and final setting 
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 times of the materials were determined according to these recommendations. The setting 
times and solubility for each material was measured four times. The radiopacity was 
measured once and the dimensional change three times in accordance with ISO 
6876:2001. The mean values and standard deviations were recorded for all 
measurements. Statistical analyses were carried out for setting time, solubility and 
dimensional change using ANOVA and Fisher’s LSD at 0.05 level of significance.  
 
4.2.3 Compressive strength 
The compressive strengths of the test materials were determined by modifying the 
method recommended by the BSI (23). The strength of the materials was determined at 3 
days and 28 days after mixing using a Universal Testing Machine (Instron, Model 1334, 
Instron Corp.  MA, USA). The maximum load required to fracture each specimen was 
measured and recorded and the compressive strength was calculated in megapascals 
according to the formula  
C= 4P / πD2 
Where P is the maximum load applied in Newton and D is the mean diameter of the 
specimen in millimetres. Statistical analysis was carried out using ANOVA and Fisher’s 
LSD at the 0.05 level of significance. 
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4.4 Results 
The mean pH of the materials as they set is presented in Fig. 4.1. The solubility, initial 
and final setting times, radiopacity, dimensional stability and compressive strength of the 
materials are presented in Table 4.1. The results of the statistical analyses are presented in 
Table 4.2. 
The pH of WP and OP was found to be higher than PMTA and WMTA. WP and OP also 
reached their peak pH values faster. The radiopacity of WMTA was 6.74 mm Al, while 
that of PMTA was 6.47 mm Al. On the other hand, WP with radiopacity of 0.95 mm Al 
and OP with radiopacity of 0.93 mm Al did not fulfil the ISO requirements for 
radiopacity.   
WP and WMTA showed significantly faster setting time than OP and PMTA.   
WMTA also showed significantly greater solubility than the other cements. While there 
was no significant difference in the solubility of OP and WP, these two cements showed 
greater solubility than PMTA.  
WMTA and PMTA also showed significantly lesser dimensional change than WP and 
OP. The compressive strength values of PMTA and WMTA were also greater than the 
Portland cements. 
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4.5 Discussion 
A number of investigations have been carried out to assess the suitability of MTA as a 
root-end filling material. However most of these studies were conducted using ProRoot 
MTA, the grey coloured powder. Few studies have evaluated WMTA. Our present study 
compared PMTA with WMTA and showed that except for setting time and compressive 
strength at 28 days, the mean values for the other parameters studied were close but 
significantly different. This implies that PMTA and WMTA are different materials with 
similar physical and mechanical properties, while the small standard deviation indicates 
that there was little variation between specimens of the same material. A number of 
studies have shown MTA and PC to be similar in composition and biocompatibility (18-
20). The results of the current study corroborate the findings of physical and mechanical 
properties reported in these earlier studies, and suggest that Portland cement may be 
suitable for use as a root-end filling material. 
A root-end filling material must be radiopaque to enable visualization and assessment in 
the radiograph. Portland cement in its natural state is slightly radiopaque but it does not 
meet the minimum requirement for radiopacity set out in ISO 6876:2001. This is a major 
disadvantage of Portland cement if it is to be employed clinically, although a range of 
materials such as barium sulphate could be added to enhance opacity. The materials were 
found to be very similar in all the other properties that were tested. Although there is a 
significant difference in the setting time of PMTA and WMTA, this difference is unlikely 
to be clinically significant when used as a root-end filling material. Interestingly, the 
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 setting time of PMTA is similar to that of OP, while that of WMTA is similar to that of 
WP. This suggests that WMTA contains WP as base material. While the long setting time 
of MTA prevents it from being used as a temporary filling material, it has been suggested 
that accelerated Portland cement may be used as a restorative material (20). 
MTA has been used in pulp-cap procedures in both animals and humans and it has 
demonstrated remarkable success when compared to calcium hydroxide (6, 24). It has 
been shown that calcium and hydroxyl ions are released by MTA when mixed with water 
(25). This may explain the similarities in the behaviour of MTA and calcium hydroxide 
when used in direct pulp capping procedure. The calcium hydroxide released, along with 
MTA’s sealing ability may account for the greater success obtained with MTA when 
used in direct pulp capping procedures. The same thing may be expected of Portland  
cement although further tests will need to be conducted to confirm this. 
All the materials tested showed expansion on setting. Hydrated cement has greater 
volume and consequently is less dense. This slight expansion may account for the 
superior sealing ability exhibited by MTA over other contemporary root-end filling 
materials (2-5). 
Compressive strength values are not that critical for root-end filling materials as they do 
not bear any direct occlusal load. However this parameter is important if the material is to 
be used as a coronal restorative material as suggested by Abdullah et al. (20). A 
comparison of the strength values may also provide an indication of the similarity of the 
materials tested. The increase in strength value with time indicates that even when if 
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 employed clinically and left in contact with tissue fluids, all the four materials are likely 
to continue to set and gain strength and stability.  
Given the low costs and apparently similar properties of Portland cement and MTA, it is 
reasonable to consider Portland cement as a cheaper alternative to MTA in endodontic 
applications. Further in-vitro and in-vivo tests should be conducted to determine the 
suitability of Portland cement for use as an alternative to MTA. Methods to improve the 
setting time and compressive strength may also be explored which may lead to expanded 
clinical applications of Portland cement, including use as a coronal restorative material. 
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 4.7 Figures and Tables for Chapter 4 
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pH of fresh mix WMTA, PMTA > WP, OP 
pH of mix at thirty minutes WP, OP, PMTA, WMTA 
pH of mix at sixty minutes WP, OP, WMTA > PMTA 
Initial Setting time OP, PMTA > WMTA > WP 
Final Setting time PMTA > OP >WMTA > WP 
Solubility WMTA > OP, WP >PMTA 
Dimensional change OP, WP >WMTA, PMTA 
3 day Compressive strength PMTA, OP > WMTA >WP 
28 day Compressive 
strength 
PMTA>WMTA > OP, WP 
 ‘>’denotes significantly greater difference at p = 0.05 
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The aim of this study was to compare the in-vitro sealing ability of ProRoot MTA, ProRoot 
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used as root-end filling materials. Twenty-four single-rooted human premolars were prepared 
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The choice of a root-end filling material is one of the many factors that influence the 
success of a surgical endodontic procedure. Numerous materials have been suggested for 
use as root-end fillings. These include gutta-percha, amalgam, Cavit, Intermediate 
Restorative Material (IRM), Super EBA, glass ionomers, Composite resins, Zinc 
Phosphate cements, Zinc oxide-eugenol cements, Zinc phosphate cements, and Mineral 
Trioxide Aggregate (MTA) (1, 2). MTA has emerged as a popular root-end filling 
material. MTA was reported to have significantly less leakage than IRM, Super-EBA and 
amalgam (3). Lee et al. (4) compared the sealing ability of MTA with amalgam and IRM 
for the repair of experimentally induced root perforations in extracted teeth. MTA 
showed significantly less leakage than amalgam or IRM and the least overfilling 
tendency. Aqrabawi (5) showed that MTA provides a better seal than amalgam and EBA 
cement when used as a root-end filling material. MTA has also been successfully used for 
direct pulp caps (6), perforation repairs (7, 8) and management of teeth with open apices 
(9). MTA has also been evaluated as a root canal filling material (10). Torabinejad et al. 
(11) showed that MTA has significantly less cytotoxicity than amalgam, IRM and Super-
EBA using the agar overlay and the radium chromium release method. MTA has also 
been shown to be biocompatible when tested with a culture of human osteosarcoma cells 
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 (12). Using a dog model, it was shown that MTA resulted in a high incidence of 
cementum formation after periradicular surgery (13). There was no periradicular 
inflammation when MTA was used as a root-end filling in monkeys and a complete layer 
of cementum formation was also seen over the fillings (14). MTA was shown to be 
biocompatible when implanted into the tibia and mandibles of guinea pigs and it showed 
more favourable tissue reaction when compared to amalgam, IRM and Super-EBA (15). 
Main et al. (16) performed a long term study of the success rate of repair of root 
perforations using MTA in sixteen human subjects. All sixteen cases demonstrated 
normal tissue architecture adjacent to the repair site with resolution of lesions in teeth 
with pre-existing lesions at the follow up visits. 
MTA is currently available commercially in two formulations, ProRoot MTA (PMTA) 
(Dentsply Tulsa Dental, Tulsa, OK), a grey variety and ProRoot MTA (Tooth Coloured 
Formula) (WMTA) (Dentsply Tulsa Dental, Tulsa, OK). MTA is a fine powder 
consisting of hydrophilic particles of tricalcium silicate, tricalcium aluminate and oxides 
of calcium and silicon (17). Although MTA has been shown to have adequate physical 
properties, superior biocompatibility and sealing ability when compared to the traditional 
root-end filling materials, it is expensive when compared to Super-EBA or IRM. 
According to the United States Patent No. 5,415,547 and 5,769,638, the base material for 
MTA is Portland cement. Bismuth oxide has been added to enhance the radiopacity (18, 
19). This has led to a number of studies comparing and evaluating Portland cement as an 
alternative to MTA. 
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 MTA and Portland cement have almost identical properties macroscopically, 
microscopically and chemically when analyzed using inductively coupled plasma 
emission spectrometry (20). Abdullah et al. (21) showed that MTA and Portland cement 
have similar biocompatibility by observing the cytomorphology of SaOS-2 osteosarcoma 
cells in the presence of the materials and the effect of these materials on the expression of 
markers of bone remodelling. They found that Portland cement is non-toxic and may 
have the potential to promote bone healing. They also suggested that it may be used as an 
alternative to MTA. Saidon et al. (22) compared the in vitro cytotoxic effect and the 
tissue reaction of MTA and Portland cement. They found no difference in the cell 
reactions to the materials when implanted in the mandibles of guinea pigs and observed 
bone healing and minimal inflammatory response next to both materials.  
Although the physical properties, sealing ability and biocompatibility of PMTA is well 
documented, there has been a very limited number of studies conducted using WMTA. 
Studies comparing the sealing ability of MTA and Portland cement when used as root-
end filling materials are still not available. 
Like MTA, Portland cement is also available in both grey and white varieties. The aim of 
this study was to compare the apical sealing ability of PMTA, WMTA, Ordinary Portland 
cement (OP) (Asia Cements Pte. Ltd., Singapore) and White Portland cement (WP) (Asia 
Cements Pte. Ltd., Singapore) when used as a root-end filling material. 
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5.3 Materials and Methods 
 
5.3.1 Tooth Preparation 
Twenty-two single-rooted human premolars extracted for orthodontic reasons were used. 
The teeth were stored in 10% formalin solution until required. The teeth were inspected 
under a microscope to ensure that they were intact and had no cracks, fractures or caries 
and that the roots were relatively straight. The crowns were removed at the cemento-
enamel junction. Root canal preparation was carried out using a step back technique with 
5.25 % sodium hypochlorite as irrigant. The root canals were obturated with gutta percha 
and Roth Root Canal Cement Type 801 (Roth International Ltd., Chicago, IL) as sealer, 
using the lateral condensation technique. The access cavities were then sealed with Cavit-
W (ESPE, Seefeld, Germany). Apical root resections were performed on all roots by 
removing 3 mm of the apex perpendicular to the long axis of tooth. A 3 mm deep root-
end cavity was prepared using a round bur and slow speed handpiece. The depth of the 
root-end cavity was checked with a periodontal probe. The teeth were coated with 2 
layers of nail varnish except at the tip where the retrofilling was to be placed. 
The teeth were randomly assigned to four groups of six teeth each and retrofilled as 
follows: Group 1 - PMTA, Group 2 - WMTA, Group 3 - WP, Group 4 - OP. In addition, 
2 teeth with retropreparation received no retrofilling and served as positive controls, 
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 while 2 teeth which were instrumented and obturated were completely covered with nail 
varnish and these served as negative controls. All teeth were stored at 37 ºC and 95 % 
humidity for 24 hours to allow the materials to set. 
 
5.3.2 Dye Leakage test 
The prepared teeth were then immersed in 1 % methylene blue solution for 72 hours. The 
teeth were rinsed and the nail varnish was removed. The teeth were then sectioned 
longitudinally using the Microslice 2 (Metals Research, Cambridge, England). The roots 
were examined under a stereo-microscope (Olympus SZ-40, Olympus, Japan) at a 
magnification of x 10. The depth of dye penetration was measured using a Measurescope 
MM-11 (Nikon MM-11, Yokohama, Japan). The depth of dye penetration was expressed 
as a percentage of the length of the retrofilling. Statistical analyses were carried out using 
ANOVA and Fisher’s LSD at the 0.05 level of significance.  




The positive control samples leaked throughout the length of the canals whereas the 
negative controls had no dye penetration. None of the specimens in any of the test groups 
showed dye leakage beyond the root-end fillings. The mean and standard deviations for 
the depth of dye penetration of the 4 test groups are presented in Table 5.1. Figure 5.1 
shows a typical tooth specimen which was filled with OP illustrating the depth of dye 
penetration after storage in methylene blue dye for 72 hours. Results of the comparisons 
between the test groups are summarized in Table 5.2. WMTA and WP had significantly 
greater dye penetration than both PMTA and OP. There was no significant difference 
between PMTA and OP and between WMTA and WP cements. 
 




Although a number of materials have been used for root-end filling, there is no consensus 
on a single best material for root-end fillings (23). Carr and Bentkover (1) listed the 
qualities of an ideal root-end filling material but unfortunately, the ideal material has yet 
to be developed. MTA seems closest to the ideal root-end filling material. However MTA 
still falls short of the ideal root-end filling material as it is expensive, has long setting 
time, and exhibits poor handling characteristics. The major constituent of MTA is 
Portland cement (18, 19). If Portland cement can be shown to possess the same properties 
as MTA, it may be used as a cheaper alternative to MTA. However, its radiopacity is 
much lower than MTA but this can be easily rectified by addition of a opacifier. The 
ability of a material to provide an effective apical seal may be defined by whether it 
provides a seal of all apical avenues in the tooth from the oral environment to the 
periradicular tissues. PMTA has been shown to possess excellent sealing ability in a 
number of studies (3, 5, 24-27). Our study corroborated those findings as none of the 
teeth retrofilled with PMTA showed leakage beyond the retrofillings. Although the 
percentage of dye leakage was significantly different, WMTA, OP and WP were as 
effective as PMTA in providing an apical seal, as none of the teeth in these experimental 
groups showed leakage beyond the retrofilling. All the materials absorbed the methylene 
blue dye for some length of the retrofilling (Fig. 5.1). This observation can be attributed 
to the fact that these are water based cements and set in the presence of moisture. This 
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 seems to be one of the advantages of Portland cement based materials as they are likely to 
set and seal the root-end in the presence of blood and other tissue fluids present in the 
periradicular region (24). 
The length of the retrofilling is critical when these materials are employed as root-end 
filling materials. Torabinejad et al. have recommended that the length of the retrofilling 
should be 3-4 mm thick when MTA is used as the root-end filling material (28). Valois et 
al. have shown that four mm thick MTA was more effective in preventing apical leakage 
than 2 or 3 mm thick retrofillings (29). However, our study showed that 3mm thick MTA 
retrofillings was sufficient to provide an adequate seal as none of the materials showed 
leakage beyond 3 mm. There was no significant difference in the apical sealing ability of 
PMTA and OP, and between WMTA and WP. The similarity indicates that just as PMTA 
contains OP as its base material, WMTA may contain WP as its base material. However, 
further tests, such as X-ray diffraction analysis with Powder Diffractometer, should be 
carried out to confirm this. 
The present study used methylene blue dye to evaluate apical leakage. Methylene blue 
dye penetration is one of the most commonly used techniques for evaluating root canal 
and root-end sealing ability (30, 31). The dye is very soluble in water, easily penetrates 
the water compartment of the tooth and does not adsorb to the dentin matrix or apatite 
crystals. It is also readily detectable under visible light (31-33). In addition, it had the 
advantage of providing quantitative data. 
Under the current experimental conditions, all the four materials provided an effective 
seal against leakage of methylene blue dye. Given the low cost and apparently similar 
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 sealing ability of the cements, it is reasonable to consider Portland cement as a possible 
substitute for MTA as a root-end filling material. However, radiopacifiers will need to be 
added to make the material suitable for clinical use. In addition, further tests, especially 
in-vivo biocompatibility tests, will need to be conducted before the modified Portland 
cement can be recommended for use as an alternative to MTA as a root-end filling 
material. 
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 5.7  Figures and Tables for Chapter 5 
 
Table  5.1 Depth of dye penetration of the materials 
Material Mean Depth of dye penetration (%) 
WMTA 62.72 ± 6.08*
PMTA 54.25 ± 6.96 
WP 62.06 ± 4.91 
OP 53.80 ± 4.06 
*Values are Mean ± SD 
 






WMTA WP 0.843 
WMTA OP 0.012*
PMTA WP 0.026*
PMTA OP 0.891 
WP OP 0.019*
*Values are significant at the 0.05 level 
 
 
Figure 5.1 Typical tooth specimen retrofilled with OP illustrating the depth of dye penetration after 
storage in methylene blue dye for 72 hours 
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 Chapter 6 
Conclusion and Future Recommendations 
 
6.1 Conclusions 
1. XRD analysis shows that the main constituents were C2S, C3S, C3A and C4AF 
in all the four cements with the additional presence of Bi2O3 in MTA. 
2. WP seems to be the base material for WMTA and OP for PMTA. 
3. PMTA and WMTA are different materials with similar physical and mechanical 
properties. 
4. The sealing ability of both OP and WP are adequate and comparable to WMTA 
and PMTA. 
5. PC has the potential to be used as an alternative to MTA subject to further tests, 
especially with regards its biocompatibility. 
 
6.2 Future recommendations: 
1. The in vitro and in vivo biocompatibility of Portland cement needs to be 
evaluated before it can be used as a substitute for MTA. Both in vitro cytotoxicity 
tests and in vivo tests using animal models have to be conducted before the 
material can be tested in human subjects. 
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 2. The main disadvantage of MTA seems to be its handling characteristics. A root-
end filling material should have sufficient viscosity to enable its placement in 
areas of the mouth which is not easily accessible. Studies should be conducted to 
address this deficiency. 
3. Another disadvantage of PC and MTA seems to be their long setting time. This is 
another area which needs to be looked into. The potential effects of the 
accelerators on the physical properties, sealing ability and biocompatibility of PC 
will have to be considered. 
4. Portland cement is the parent material from which MTA has been developed. 
Although MTA is very expensive, PC is cheap and easily available. Moreover the 
composition, production, setting characteristics and other properties of Portland 
cement are well documented. A few studies have shown Portland cement to be 
biocompatible and non toxic. There is great potential that it may be developed 
into a dental restorative material, subject to further tests. 
5. The radiopacity of Portland cement can be easily increased by the addition of a 
range of materials including bismuth oxide, as has been done in the case of MTA. 
However, the effect of these additives on the physical properties like setting time 
and strength will have to be evaluated. 
6. Efforts to improve the setting time and handling characteristic of MTA could 
result in a restorative material with expanded clinical applications. 
7. Although Portland cement may show properties comparable to MTA, it is an 
industrial grade cement and its purity, methods for sterilization and refinement 
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 have to be considered before its potential as a root-end or restorative material can 
be further evaluated. 
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Table 7.1  pH of the materials as they set 
 
Time WP PMTA WMTA OP 
0 11.94 11.33 11.42 11.88 
2 12.24 11.88 11.90 11.96 
4 12.92 12.21 12.21 12.84 
5 13.01 12.24 12.35 13.01 
6 13.15 12.26 12.41 13.03 
8 13.06 12.29 12.48 13.02 
10 13.07 12.41 12.47 13.01 
12 13.09 12.40 12.59 13.01 
14 13.10 12.80 12.71 13.01 
15 13.11 12.83 12.69 13.04 
16 13.09 12.81 12.71 13.02 
18 13.09 12.84 12.73 13.02 
20 13.09 12.81 12.75 13.02 
22 13.06 12.84 12.77 13.01 
24 13.07 12.83 12.80 13.02 
25 13.07 12.84 12.80 13.02 
26 13.06 12.84 12.81 13.01 
28 13.07 12.84 12.79 13.04 
30 13.06 12.83 12.78 13.02 
32 13.07 12.84 12.82 13.02 
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 34 13.08 12.83 12.81 13.02 
35 13.06 12.84 12.83 13.02 
36 13.08 12.83 12.82 13.02 
38 13.07 12.84 12.86 13.02 
40 13.08 12.84 12.86 13.02 
42 13.07 12.81 12.88 13.04 
44 13.07 12.84 12.84 13.02 
45 13.09 12.84 12.92 13.02 
46 13.13 12.82 12.97 13.02 
48 13.07 12.81 12.98 13.02 
50 13.08 12.83 13.02 13.02 
52 13.09 12.84 13.02 13.04 
54 13.07 12.84 13.02 13.02 
55 13.07 12.83 13.02 13.02 
56 13.07 12.84 13.02 13.02 
58 13.08 12.84 13.01 13.02 


























Table 7.2: Densitometer readings for radiopacity determination 
 
Aluminium WP OP WMTA PMTA 
0.5 0.98 0.98 0.85 0.89 
1.0 0.89 0.89 0.78 0.84 
1.5 0.74 0.74 0.72 0.72 
2.0 0.60 0.60 0.71 0.70 
2.5 0.55 0.55 0.68 0.65 
3.0 0.48 0.48 0.66 0.59 
3.5 0.43 0.43 0.62 0.57 
4.0 0.40 0.39 0.59 0.52 
4.5 0.34 0.35 0.57 0.52 
5.0 0.33 0.32 0.56 0.47 
5.5 0.27 0.27 0.53 0.45 
6.0 0.25 0.25 0.51 0.42 
6.5 0.22 0.22 0.46 0.39 
7.0 0.20 0.20 0.45 0.37 
7.5 0.18 0.18 0.44 0.36 
8.0 0.16 0.16 0.41 0.34 
8.5 0.14 0.14 0.39 0.33 
9.0 0.13 0.13 0.38 0.32 
 
 









WMTA 0.47 Y = - 0.1718 ln x +0.7978 
X = 6.74 
PMTA 0.41 Y= -0.2155 ln x + 0.8125 
X= 6.47 
WP 0.87 Y= -0.3247 ln x+ 0.8537 
X= 0.95 
OP 0.81 Y= -0.3006 ln x + 0.7866 



















Table 7.4: Solubility of the cements (%) 
 
Sample WMTA PMTA WP OP 
1 1.26 0.96 1.06 0.99 
2 1.31 0.94 1.03 1.16 
3 1.26 0.99 1.06 1.09 
4 1.29 0.98 1.06 1.03 
Mean 1.28 0.97 1.05 1.06 










Table 7.5: Setting time of the cements (minutes) 
 
WMTA PMTA WP OP Sample 




















































































1 46.60 91.92 50.87 96.93 38.05 47.97 37.84 49.84 
2 45.85 93.47 50.30 99.09 42.85 49.98 44.09 48.64 
3 46.53 94.25 50.37 97.43 35.76 49.03 52.91 50.37 
4 44.34 87.79 49.77 109.61 41.12 46.14 48.26 50.87 
5 44.23 67.31 48.68 95.45 42.43 49.53 51.40 52.49 
6 47.51 81.37 52.60 93.19 42.15 48.57 53.87 51.74 
Mean 45.84 86.02 50.43 98.62 40.39 48.54 48.06 50.66 
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Table 7.7:  Dimensional changes of the cements (%) 
 
Samples WMTA PMTA WP OP 
1 0.29 0.18 0.38 0.41 
2 0.30 0.33 0.50 0.39 
3 0.31 0.34 0.51 0.55 
Mean 0.30 0.28 0.47 0.45 













Table 7.8:   Depth of dye penetration (%) 
 
Samples WMTA PMTA WP OP 
1 54.73 46.64 57.04 47.47 
2 57.12 48.81 57.68 52.01 
3 62.25 50.51 59.20 52.64 
4 63.55 55.77 63.46 54.60 
5 70.27 58.55 65.59 57.23 
6 68.37 65.21 69.41 58.84 
Mean 62.72 54.25 62.06 53.80 












Table 7.9:  Absorption length and percentage of penetration 
 







WMTA 1.62 2.96 54.73 
 1.68 2.94 57.12 
 1.88 3.02 62.25 
 1.97 3.10 63.55 
 2.08 2.96 70.27 
 2.14 3.13 68.37 
PMTA 1.39 2.98 46.64 
 1.44 2.95 48.81 
 1.48 2.93 50.51 
 1.74 3.12 55.77 
 1.78 3.04 58.55 
 1.95 2.99 65.21 
WP 1.66 2.91 57.04 
 1.69 2.93 57.68 
 1.77 2.99 59.20 
 1.91 3.01 63.46 
 2.04 3.11 65.59 
 2.11 3.04 69.41 
OP 1.41 2.97 47.47 
 1.55 2.98 52.01 
 1.59 3.02 52.64 
 1.66 3.04 54.60 
 1.70 2.97 57.23 

















Figure 7.1 Gillmore apparatus 
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Figure 7.6: Log Plot to calculate Radiopacity of WMTA 

























Figure 7.7: Log Plot to calculate Radiopacity of PMTA 
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Figure 7.8: Log Plot to calculate Radiopacity of  WP 
Radiopacity of WP


























Figure 7.9: Log Plot to calculate Radiopacity of  OP 
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.0900 .19179 .651 -.3523 .5323
-.5200* .19179 .027 -.9623 -.0777
-.4600* .19179 .043 -.9023 -.0177
-.0900 .19179 .651 -.5323 .3523
-.6100* .19179 .013 -1.0523 -.1677
-.5500* .19179 .021 -.9923 -.1077
.5200* .19179 .027 .0777 .9623
.6100* .19179 .013 .1677 1.0523
.0600 .19179 .762 -.3823 .5023
.4600* .19179 .043 .0177 .9023
.5500* .19179 .021 .1077 .9923





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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-.0500 .14018 .731 -.3733 .2733
-.2800 .14018 .081 -.6033 .0433
-.2400 .14018 .125 -.5633 .0833
.0500 .14018 .731 -.2733 .3733
-.2300 .14018 .139 -.5533 .0933
-.1900 .14018 .212 -.5133 .1333
.2800 .14018 .081 -.0433 .6033
.2300 .14018 .139 -.0933 .5533
.0400 .14018 .783 -.2833 .3633
.2400 .14018 .125 -.0833 .5633
.1900 .14018 .212 -.1333 .5133





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
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.1800* .03873 .002 .0907 .2693
-.0500 .03873 .233 -.1393 .0393
.0000 .03873 1.000 -.0893 .0893
-.1800* .03873 .002 -.2693 -.0907
-.2300* .03873 .000 -.3193 -.1407
-.1800* .03873 .002 -.2693 -.0907
.0500 .03873 .233 -.0393 .1393
.2300* .03873 .000 .1407 .3193
.0500 .03873 .233 -.0393 .1393
.0000 .03873 1.000 -.0893 .0893
.1800* .03873 .002 .0907 .2693





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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.3125* .02917 .000 .2489 .3761
.2275* .02917 .000 .1639 .2911
.2125* .02917 .000 .1489 .2761
-.3125* .02917 .000 -.3761 -.2489
-.0850* .02917 .013 -.1486 -.0214
-.1000* .02917 .005 -.1636 -.0364
-.2275* .02917 .000 -.2911 -.1639
.0850* .02917 .013 .0214 .1486
-.0150 .02917 .616 -.0786 .0486
-.2125* .02917 .000 -.2761 -.1489
.1000* .02917 .005 .0364 .1636





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
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-25.0000* 1.75594 .000 -28.8259 -21.1741
5.0000* 1.75594 .015 1.1741 8.8259
-25.0000* 1.75594 .000 -28.8259 -21.1741
25.0000* 1.75594 .000 21.1741 28.8259
30.0000* 1.75594 .000 26.1741 33.8259
.0000 1.75594 1.000 -3.8259 3.8259
-5.0000* 1.75594 .015 -8.8259 -1.1741
-30.0000* 1.75594 .000 -33.8259 -26.1741
-30.0000* 1.75594 .000 -33.8259 -26.1741
25.0000* 1.75594 .000 21.1741 28.8259
.0000 1.75594 1.000 -3.8259 3.8259





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
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Table 7.15: Statistical analysis of the final setting time of the cements 
ANOVA
FINAL













-35.0000* 2.14087 .000 -39.6646 -30.3354
5.0000* 2.14087 .038 .3354 9.6646
-30.0000* 2.14087 .000 -34.6646 -25.3354
35.0000* 2.14087 .000 30.3354 39.6646
40.0000* 2.14087 .000 35.3354 44.6646
5.0000* 2.14087 .038 .3354 9.6646
-5.0000* 2.14087 .038 -9.6646 -.3354
-40.0000* 2.14087 .000 -44.6646 -35.3354
-35.0000* 2.14087 .000 -39.6646 -30.3354
30.0000* 2.14087 .000 25.3354 34.6646
-5.0000* 2.14087 .038 -9.6646 -.3354





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval





























-4.5883* 2.02709 .035 -8.8168 -.3599
5.4500* 2.02709 .014 1.2216 9.6784
-2.2183 2.02709 .287 -6.4468 2.0101
4.5883* 2.02709 .035 .3599 8.8168
10.0383* 2.02709 .000 5.8099 14.2668
2.3700 2.02709 .256 -1.8584 6.5984
-5.4500* 2.02709 .014 -9.6784 -1.2216
-10.0383* 2.02709 .000 -14.2668 -5.8099
-7.6683* 2.02709 .001 -11.8968 -3.4399
2.2183 2.02709 .287 -2.0101 6.4468
-2.3700 2.02709 .256 -6.5984 1.8584





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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-12.5983* 3.45555 .002 -19.8065 -5.3902
37.4817* 3.45555 .000 30.2735 44.6898
35.3600* 3.45555 .000 28.1519 42.5681
12.5983* 3.45555 .002 5.3902 19.8065
50.0800* 3.45555 .000 42.8719 57.2881
47.9583* 3.45555 .000 40.7502 55.1665
-37.4817* 3.45555 .000 -44.6898 -30.2735
-50.0800* 3.45555 .000 -57.2881 -42.8719
-2.1217 3.45555 .546 -9.3298 5.0865
-35.3600* 3.45555 .000 -42.5681 -28.1519
-47.9583* 3.45555 .000 -55.1665 -40.7502





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
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.0167 .05911 .785 -.1197 .1530
-.1633* .05911 .025 -.2997 -.0270
-.1500* .05911 .035 -.2863 -.0137
-.0167 .05911 .785 -.1530 .1197
-.1800* .05911 .016 -.3163 -.0437
-.1667* .05911 .023 -.3030 -.0303
.1633* .05911 .025 .0270 .2997
.1800* .05911 .016 .0437 .3163
.0133 .05911 .827 -.1230 .1497
.1500* .05911 .035 .0137 .2863
.1667* .05911 .023 .0303 .3030





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
The mean difference is significant at the .05 level.*. 
 
 






















8.4667* 3.24264 .017 1.7026 15.2307
.6517 3.24264 .843 -6.1124 7.4157
8.9167* 3.24264 .012 2.1526 15.6807
-8.4667* 3.24264 .017 -15.2307 -1.7026
-7.8150* 3.24264 .026 -14.5790 -1.0510
.4500 3.24264 .891 -6.3140 7.2140
-.6517 3.24264 .843 -7.4157 6.1124
7.8150* 3.24264 .026 1.0510 14.5790
8.2650* 3.24264 .019 1.5010 15.0290
-8.9167* 3.24264 .012 -15.6807 -2.1526
-.4500 3.24264 .891 -7.2140 6.3140





















(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
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